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We demonstrated that nanotubes synthesized from a NaOH treatment pwithGubsequent acid
washing could proceed with repeatable crystalline-structure transformation through a simpleasead
washing step. By providing the unit cell parameters, we identified a divalent salt titanaf€i DA
H,0) with a layered structure as the structure formed after the NaOH treatment. With the increase in
acidity during the post-treatment acid washing, the layered titaniate transformed into a nanotube through
Nat—H* substitution, and eventually transformed into anatase. T@ystalline-structure analysis has
shown the feasibility of this titanateitania transformation occuring through a simple structural
rearrangement. A complete scheme for the formation and transformation of nanotubes induced by the
NaOH treatment and the post-treatment washing was proposed.

titanate structures, such ag®y0s-H,0,1314 A,Tiz07,1523
H,Ti4O9°H,0,24 and lepidocrocite titanatés2® have been
Nanocrystalline metal-oxide semiconductors have been assigned as nanotube constituents{Ala and/or H). Table
widely employed in photocatalytic or photoelectrochemical 1 symmarizes the nanotube structures proposed by different
systems because of the large area of the solid-solutionstydies and the corresponding conditions for nanotube
interface, where the interactions between the photon-inducedsynthesis, which generally involved NaOH treatment fol-
charge carriers and the active species in the solution décur. |owed by post-treatment washing. The treatment in NaOH
Among these semiconductors, Bi@as drawn much atten-  (generally 10 N aqueous solution) was conducted either
tion, and numerous efforts have been devoted to the synthesighemically (i.e., under atmospheric pressure) or hydrother-
of nanosized Ti@?® Kasuga et al. reported that the thermal mally (i.e., in a sealed autoclave) at 0080 °C. The
treatment of TiQ particles in NaOH resulted in the formation  saturation pressure of 10 N NaOH aqueous solution at 100

Introduction

of anatase Ti@nanotubes with large surface aréasf\part
from the crystalline structure of anatase %O some
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Table 1. Nanotubes of Different Structures Prepared from Different
TiO2 Precursors, NaOH Treatment Conditions? and Post-Treatment
Washing Processes (in sequence)

Tsai and Teng

m?/g).t7241t is thus anticipated that the acidity in the post-
treatment washing plays a key role in determining the
structure of the nanotubes.

NaOH post- . . .
precursor treatmertt treatment refs The grystqlllne structures of anatase Jedd titanates can
Nanotube Structure: Anatase 5O be easily distinguished by the.|r _chara}cterlsdcspacmg
anatase hydro/110/20  HE! water Kasuga et 4. lengths. However, the characterigtispacing lengths of the
rutile Chﬁm/l/}g/oz/(l)Z HCH water Kaguga éft T’fl- foregoing titanates proposed for the nanotubes are consider-
anatase chem water eo étal. S 1326 :
anatase hydro/110/20  HNG- water  Zhang et &, ably s'|m|lar. . Thus, the exac; tltgnate structurg that.
anatase chem/110/20  HE&lwater Wang et &. comprises the titanate nanotubes is still a controversial topic
anatase/ ' Ey?jro//igg/éi :"Cél(} water Y‘vlTO et aF-‘; o that is under debafé:16.2425The present work intends to not
anatase/rutile ydro. salan g . _ R
anatase chem/180/30  H@lwater Wang et a2 olnly s_hed light on the frolehof thef||3_os_t treatmenkt) acidity but
Nanotube Structure: Anatase HETis0r0.5H0 also give s_uggestlons ort e con icting nanotube structures
rutile chemi/110/4  HNOs;+ water  Zhu etal. proposed in contemporary literature.
Nanotube Structure: Ai,Os-H.0 ) ]
TiO, powder ~ chem/110/20 HCF water Yang et at3 Experimental Section
anatase chem/110/20 He&lwater Zhang et at*

Nanotube Structure: AizO; Th_e TiO, precursor used for nanotube production was a com-
anatase hydro/130/72 Hel water Du et al® mercially available TiQ powder (P25, Degussa AG) that consisted
anatase hydro/130/72 Hel water Chen et &l of ca. 30% rutile and 70% anatase in crystalline phase. The
ana:ase/ . Ey?jroﬁgggg watter (T:_hen fg?'- preparation was initiated by treagir2 g of the P25owder with
:23?@2&'; € h)s//drr00/130/72 V\Cv;(eerr Zr:aa%g ot%] 70 mL of 10 N NaOH in a Teflon-lined autoclave at 130 for 24
anatase hydro/180/48  water Sun andLi h. The process was analogous to those repdrtecept that the
anatase hydro/180/24  H&lwater Yuan and S present treatment was conducted hydrothermally rather than under
rutile ~ hydro/150/72  HCH water Thorne et & atmospheric pressure. After the treatment and subsequent cooling,
anatase/rutile  hydro/130/72  water Zhang éfal. we subjected the precipitate from filtration to pH-value regulation

~ Nanotube Structure: Hi,0g'H,0 ' by mixing it with 1 L HCI solutions of different concentrations.
anatasefrutile  hydro/110/96 Husater_ _ Nakahira et & The final products were obtained by filtration with subsequent
t Nano;ulzje ?{rg&txgei Leplﬁt‘gﬁ%ﬁ'te Tlt?\lxatets s drying at 100°C for 3 h. To determine whether the crystalline
anatase ydro water aetals H . A
anatase hydro/130/24  watérHC Ma ot al26 structure would reversibly change with the equilibrated pH value,

aTreatment conditions refer to chemical or hydrothermal processes,
temperature °C), and duration (h), respectivelySonication at 280 W
before chemical treatment.

°C is 0.6 bar, and it increases to 1.2 bar at 220and 4.1
bar at 160°C.2” The data suggest that the influence of the

pressure difference on the products would not be significant

for treatments conducted at temperatures lower tharf €50

we backwashed the precipitate from washing at the lowest pH (ca.
0.38), in the same manner as that for the HCI washing, with 1 L

NaOH solutions of different concentrations for reaching higher pH

values.

The phase identification of the nanotube samples from different
synthesis processes was conducted with powder X-ray diffraction
(XRD) using a Rigaku RINT2000 diffractometer equipped with
Cu Ka radiation. The data were collected for scattering anglés (2
ranging from 5 to 70with a step size of 0.01 The microstructures

It has been reported that nanotubes have formed during theyere explored with a high-resolution transmission electron micro-

treatment in NaOH315>17 However, some other studies

scope (HRTEM; Hitachi FE-2000). The pore structure was char-

showed that intermediate phases were produced from theacterized by N adsorption at—196 °C using an adsorption
NaOH treatment, and that the post-treatment was a critical apparatus (Micromeritics ASAP 2010). The surface area of the

step for nanotube formatidt:11?°The influence of the post-
treatment will be a focus in the present work.

Our previous study showed that high-porosity nanotubes

(ca. 400 n/g in BET area) can be obtained from an acidic
post-treatment washing at pH values of2!* The high-
porosity nanotube aggregates had an X-ray diffraction (XRD)
pattern analogous to that of anatase Jfi@ther than that of

samples was determined from the Brunatemmett-Teller (BET)
equation. The structural models of anatase ,T&nd titanates
assigned to nanotubes or other particulates were constructed with
the Ca.R.Ine version 3.1 crystallography program pacRage.

Results

It is generally recognized that during treatment with

the titanates. Upon calcination of the nanotubes obtainedconcentrated NaOH, some-TD bonds of the Ti@precursor

from the acidic post-treatment, the samples showed a well-are broken, leading to the formation of lamellar fragments
defined anatase phase in their XRD pattern, and also a rutilethat are the intermediate phase in the formation process of
phase at higher temperatures, reflecting the absence of Nahe nanotube materi&>1°It was reported that the condition

in the anatase nanotub€sOn the other hand, aggregates of the post-treatment washing affected the formation, crystal-
with lower porosities were obtained from washing at higher |ine structure, or even chemical composition of the final
pH values'! The structure of these higher-pH aggregates will nanotube productsi!2°However, some other studies claimed
be shown later in the present work to be that of a titanate. that nanotubes were formed during the NaOH treatment, and
Other previous studies claiming titanate structures for nano-that the acidic post-treatment was not essential in nanotube
tubes generally reported a smaller surface area (less than 20@ynthesig31517 This contradiction in the experimental

(27) Perry, R. H.; Chilton, C. HPerry’s Chemical Engineers’ Handbook
7th ed.; McGraw-Hill Book Co.: New York, 1997.

(28) Ca.R.Ine crystallography program packageersion 3.1; Ca.R.Ine
Crystallography: Senlis, France, 1998.
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findings most likely resulted from the difference in the ¥:titanate  :anatase
severity of the NaOH treatment, i.e., the difference in
temperature and the duration employ&éf?® A severe
treatment, with a high temperature or long duration, might
have induced nanotube formation during NaOH treat-
ment!®2223 Agitation might accelerate the formation of
nanotubes as well, as a study found that the formation of
nanotubes was completed after 20 h of NaOH treatment at
110°C with agitation'® On the other hand, a mild treatment,
i.e., with a low temperature and short duration, would
produce specimens in intermediate states that would proceed
with further transformation into tubes through soft-chemical

reactions in the post-treatment stéps2° Therefore, the s

difference in NaOH treatment severity should be one of the "i

main causes for the conflicts observed in the previous g : 1! H=1.6

structural studies. g NT‘” 'ﬁ“‘ A pﬂ_ﬁ‘“‘“
In the present work, the products obtained from NaOH M‘ ~

treatment at 130C for 24 h contained no tubular structures, A.._Mi‘:?_,_

and were found to be sensitive to the post-treatment washing. ../:\ A pH=7.8

After the samples were washed with HCI, nanotubes became 4' i i

the dominant component of specimens with a washing pH i o PRI

of less than 8. The specimens obtained by HCI washing to LA i . PH=124

different pH values were analyzed by XRD. The diffraction

patterns are shown in the upper portion of Figure 1. In the

pH-decreasing course with HCI washing, there are charac-

teristic peaks positioned a92= 9.8, 24, and 28(indicated | s tmulation data

by the dash lines in Figure 1). These peaks have been (200)

assigned to the diffraction of titanates such afi40s: (11513)1") H,Ti,0+H,0 JCPDS

H,0,1%14 A,Tiz0;,'52 and lepidocrocite titanaté826 The — II P R N

appropriate crystalline structure responsible for these dif- 10 20 30 40 50 60 70

fraction peaks will be discussed in detail later. With the 20 (degree)

_decree}se In pH' there appears to b? a corresponding decrea%ure 1. XRD patterns of the specimens obtained from hydrothermal

in the intensity of the 28peak relative to that of 24peak. NaOH treatment on Tigat 130°C with subsequent post-treatment washing

This has been ascribed to the decrease in the Na:H ratio ofa;: different PHfV?]'UES (the Uppe{)pﬁgt)-lzhe fr?idd'ehpaft of the ﬁgulfe (ShOWS
. . the patterns of the specimens by backwashing thespbl38 sample (in
+
the_ tltanaFes CaUSEd by the re_placer_nent of Mh H the upper part) to different pH values. The standard diffraction pattern of
during acid washing® To examine this, we calcined the  H,Ti,OsH,0 from JCPDS and the simulation data using the cell parameters
samples obtained by washing at different pH values at 700 shown in Table 2 are provided at the bottom of this figure.

°C for 1 h, and then subjected them to XRD analysis. The

A : anatase

XRD patterns (Figure 2) show that BasO;3, which could 4 A : rutile

be derived from dehydration of the titanates, was the only ¢ : Na,Ti Oy,

Na-containing species detected, and it was more abundant . & pH=16

for specimens obtained at a higher pH. This supports the A A AA/V\ A4

argument that Naand H' in the titanate were exchangeable 1

with pH variation. However, the evidence of the present work N APH=5_7
A

strongly suggests that the change in the peak intensity ratio
should mainly be caused by the gradual transformation of

the crystalline structure. e
pH=17.
With the washing pH lowered to 1.6, the 2deak shifts MMM\IM

to 25°, accompanied by a marked weakening of the 9.8 and

Intensity (a.u.)

28° peaks, especially the former. The peak &t @adicated . MR e &  pH=103
by a solid line in Figure 1) should correspond to the (101) 2 & e )

. . . . . . I T I T I T I T | T | T
dlffra;CtIOI’] of anatase Ti@ Calcination of this sample to 0 20 3 40 50 60 70
700 °C showed only the presence of anatase and rutile 20 (degree)

(Flgure 2)' The specimen obtained by WaSh'”Q at this pH Figure 2. pH value dependence of the XRD pattern of the specimens
(1.6) should be composed of anatase (the major one) andobtained by calcining nanotube aggregates of different pH values at 700
protonic titanate. If the pH is further lowered to 0.38, the °Cfor 1h. The nanotube aggregates were prepared from a NaOH treatment
anatase Ti@appears to be the exclusive phase shown in on TiO; followed by washing with HCI to different pH values.

the XRD pattern. The preceding results obtained with a sequence of Na-containing titanate, protonic titanate, and
progressive pH decrease have demonstrated a phase-transitidinally anatase Ti@ Instead of distinct phase transition, there



370 Chem. Mater., Vol. 18, No. 2, 2006 Tsai and Teng
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Figure 3. Surface area of the specimens obtained from post-treatment
washing at different pH values. The pH-descending sequence was conducte
by washing the NaOH-treated materials with HCI solutions of different
concentrations. Following the acid washing, the pH-ascending sequence
was conducted by washing the HCl-washed (©HD.38) specimen with
NaOH solutions of different concentrations.

anatase

was a coexistence of neighboring phases in Some pH reglme.SFlgure 4. TEM images of specimens prepared from hydrothermal NaOH
Previous studies have reported the transformation of protonictreatment on Ti@at 130°C followed by washing with HCI to pH values
titanate to anatase under acidic conditiéhss. of (@) 12.2, (b) 6.3, (c) 1.6, and (d) 0.38.

By backwashing the pH= 0.38 sample with NaOH, we  distance of ca. 0.8 nm, which is close to the reported
observed recovery of the titanate peak8 €2 9.8, 24, and interlayer distance of the nanotudé482°The layers would
28) in the XRD patterns, as shown in the middle portion of peel off with further acid washing, forming nanotutiés?
Figure 1, accompanied by weakening of the anatase (101)Panels b and ¢ of Figure 4 show the nanotubes obtained at
diffraction at 23. The crystalline structure seems to change pH values of 6.3 and 1.6, respectively. Nanotubes with intact
reversibly with the pH variation. walls can be observed for the pH 6.3 sample, whereas

In addition to the crystalline structure, the morphology of there are defects on the walls of the pHL.6 samplé? The
the nanotubes, which can be to a certain extent indexed bydefects may be caused by the partial transformation of the
the pore structure, was subjected to analysis using N titanate structure to anatase i@k this pH. With a further
adsorption. The variation of the surface area with washing decrease in pH to 0.38, the structure transformed to
pH is depicted in Figure 3. In the pH-descending course, coagulated particles, as shown in the TEM image in Figure
the area increases to reach a maximum atpH.6, and it 4d. The morphology explains the low porosity of the sample.
then decreases. At pH 1.6, the nanotube aggregates should However, only the lattice fringe of the anatase (101) faces
be in a loose configuration, because the porosity was can be observed from the TEM images (the upper inset),
contributed to by the internal space as well as the intersticeand only the (101) ring can be clearly seen in the selected
of the nanotubes. The hysteresis loop of theablsorptior- area diffraction (SAED) pattern (the lower inset). This shows
desorption isotherms supports this argument (see the Supthat the anatase TiOformed under such a highly acidic
porting Information). In the pH-ascending course starting environment comprises turbostratic stacking of the (101)
from pH = 0.38, Figure 3 shows that the surface area faces with a defective alignment.
increases to a maximum, also at a pH near 1.6, and then The TEM images of the specimens obtained by back-
decreases, but the variation locus did not exactly follow that washing the pH= 0.38 TiQ, with NaOH are shown in Figure
of the pH-descending course. The maximum area of the5. Figure 5a shows the appearance of nanotubes with an
specimens in the pH-ascending course is smaller than thatincrease in pH to 1.6, though the tube shape cannot be well
in the descending one. This suggests that the nanotubedefined. In the formation of titanate nanotubes, it is obvious
morphology formed from backwashing the anatase,TiO that hydration of anatase TiQthrough a soft-chemical
(obtained at pH= 0.38) is different from that formed by interaction with NaOH is less feasible than the route through
scrolling the titanate sheets with acid washti¢f The scrolling the titanate sheets. This is also consistent with the
variation in the XRD pattern and surface area of the observation obtained from the porosity variation, showing
nanotubes with the post-treatment pH shows that the that the morphology was path-dependent. Further increasing
microscopic crystalline structure is likely to be a thermody- the pH to 10.3 by backwashing shows the formation of plates
namic product, whereas the macroscopic morphology is (Figure 5b), for which the structure is found to be crystalline
essentially path-dependent. on the basis of the SAED pattern shown in the inset. This

The TEM images of the samples obtained in the pH- indicates that hydration of the pH 0.38 anatase TiQunder
descending course with acid washing are shown in Figure a highly basic condition results in the formation of titanate
4. The pH= 12.2 sample shown in Figure 4a contains (indicated by the XRD pattern) with a long-range crystalline
granules composed of layered structure with an interlayer order. Auxiliary experiments have shown that nanotubes can
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pH value during the post-treatment washing. They suggested
N&TioO4(OH), (orthorhombic unit cell witha = 1.926 nm,
b=0.378 nm, ana@ = 0.300 nm) to be the structure obtained
from the NaOH treatment and BlaH,Ti,O,(OH), after the
post-treatment acid washing. Another study queried the
validity of the trititanate nanotube model by pointing out a
lack of prominent appearance of the trititanate (200) peak
(d=0.786 nm) in the XRD patterns of the nanotubes. They
proposed a lepidocrocite-type titanate {H-x40x4O04°H20,

with O = vacancy; orthorhombic unit cell with = 0.3783
nm, b = 1.8735 nm, ana¢ = 0.2978 nm) to coincide with
the reflection peaks observed in the XRD patterns of the
nanotube$®

Both of the nanotube crystalline structures proposed
against the trititanate, i.e., ME,O4(OH), and HTiz—ya w404
H»0, have been modeled to comprise lamellar sheets of edge-
sharing TiQ octahedrd??>30 Titanates of this layered
structure could be readily exfoliated into monolayer nanosheets
through a soft-chemistry roué. The XRD patterns of
H,Ti»Os-H,O, which is identical to the protonic salt
H,Ti,04(OH),, documented in the Powder Diffraction Files
of the JCPD® are shown at the bottom of Figure 1. The
patterns of the titanate materials obtained in the present work
are seen as being similar to those offHOsH2O. Thus, all
the evidence suggests the nanotube structure should be
assigned to layered Ai,OsH,O. Although the layered
structure has been indexed by the body-centered orthorhom-
bic lattice projected normal along its shéetthe positions
of the interlayer ions (H, Na", and OH) were never
reported. To obtain the complete atomic coordinates of this
titanate, we have proposed, by incorporating the divalent salt
and layered structural featur€<>a model for the ATi,Os:
mimnd . H20 unit cell.
Figure 5. TEM images of specimens prepared by backwashing the HCI-  This modeling was conducted in an attempt to give the
Ygzhed (= 0.38) specimen with NaOH to pH values of () 1.6 and (b)  yroyimate coordinates of the interlayer atoms and thus the

explanations for the observed nanotube formation and

be obtained by washing these plates with HCI. This nanotubetransformation. To avoid the complexity introduced by the

formation should follow the peeling-off and scrolling mech- Na —H" exchange, we considered the protonic structure
anisms mentioned abovL as the major object in thr simulation at first. The lattice

constants of the flat layered,fi,Os-H,O employed wera
= 1.808 nmb = 0.3797 nm, and = 0.2998 nm, and were
obtained by referring to the file in the JCPBSThe large
Numerous studies on titanate nanotubes have reportedelongation along thea axis was ascribed to the layered
XRD patterns similar to those of the titanate shown in Figure structure of the materidf. By assuming thémmmspace-
11326 peng and co-worketsl7:1%23have assigned protonic  group geometry that has been suggested for the lepidocrocite-
trititanate (HTizO7; monoclinic unit cell witha = 1.603 nm, type HTiz—waddx4O4H0 3! we were able to visualize the
b = 0.375 nm,c = 0.919 nm, ang = 101.45) to be the unit-cell structure, shown in Figure 6. There areCH
building block of the nanotubes, which were seen forming molecules, composed of exchangeable &hd OH ions,
during the treatment in NaOH. Theoretical studies have given situated between the host layers of the body-centered lattice.
the evolution mechanism as well as the stability of this In the two-dimensional sheets, T¢Octahedra are combined
H,TizOs-type tubular structure in a concentrated NaOH with each other via edge-sharifjThe positions of the D
environment®230n the other hand, one studglaimed that molecules were determined by regression analysis to accord
the nanotube material should be a divalent saltQG[OH),)?, with the real XRD pattern. The bond distance of-HOH™
on the basis of the reported XRD patterns of layergti }Ds- was assumed to be identical to that of B in H,0, i.e., ca.
H,0%*3 and the dependence of NaH' exchange on the  0.15 nm® Table 2 lists the resulting atom positions of the

500 nm

Discussion

(29) Powder Diffraction File of the Joint Committee on Powder Diffraction  (31) Sasaki, T.; Watanbe, M.; Hashizume, H.; Yamada, H.; Nakazawa, H.
Standards Card 47-0124; International Centre for Diffraction Data: J. Am. Chem. S0d.996 118 8329.
Newton Square, PA, 2002. (32) Tuckerman, M.; Lassonen, K.; Sprik, M.; Parrinello, MChem. Phys.
(30) Sugita, M.; Tsuji, M.; Abe, MBull. Chem. Soc. Jpri99Q 63, 1978. 1995 103 150.
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Figure 6. Proposed crystalline model for ofi;Os-H,0: (a) unit-cell
structure of the basic cell of Hi,Os-H,O and (b) representation of the
refined crystal structure Hi,0s-H,0 projection along [010].

Table 2. Unit Cell Parameters (i.e., fractional coordinates) Used To
Simulate the XRD Patterns of HTi»Os-H,O Nanotubes Prepared
from NaOH Treatment with Subsequent Acid Washing*

atom atom
position X y z position X y z

Ti(1) 0.2159 0 0 0(9) 0.7159 0 12
Ti(2)  0.2839 1/2 1/2 0(10) 0.7839 1/2 0
Ti(3) 07159 1/2 1/2 0O(11)  0.8519 0 1/2
Ti(4) 0.7839 0 0 0(12) 0.8672 0 0
0O(1) 0.1327 0 0 H(1) 1/20 0 1/4
0(2)  0.1479 0 12 H(2) 1/20 0 34
0O(3) 0.2159 1/2 0 H(3) 9/20 12 14
0O(4) 0.2839 0 12 H(4) 9/20 12 3/4
Oo(B) 0.3519 1/2 0 H(5) 11/20  1/2  1/4
o)  0.3560 1/2 1/2 H(6) 11/20 1/2  3/4
o(7) 0.6439 1/2 12 H(7) 19/20 0 14
0O(8) 0.6479 1/2 0 H(8) 19/20 0 34

aAll occupancies are equal to 1.0.

unit cell, in which the coordinates of the interlayepCH

molecules are analogous to those of the lepidocrocite-type

HyTi2—40x404H20 31 The XRD pattern simulated using the

foregoing lattice constants and the atom positions in Table
2 is shown at the bottom of Figure 1. The simulated pattern .
is in good agreement with those of the titanate nanotubes
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Figure 7. Overall scheme for the formation and transformation of nanotubes
induced by the NaOH treatment and the post-treatment washing.

that Na  HTi,Os'H,O is the structure of the titanate
nanotubes, with th& value being a decreasing function of
pH during post-treatment.

On the basis of the foregoing exploration, the formation
and transformation of nanotubes induced by the NaOH
treatment and post-treatment washing can be summarized
in the scheme of Figure 7. Upon NaOH treatment, some of

and the JCPDS data, especially for peaks other than the (200§h e Ti—O—Ti bonds are broken, forming an intermediate

peak.

containing TO—Na and Ti-OH. These intermediates

The results of the present work and previous studies haveWOUId proceed with rearrangement to form sheets of edge-

shown that the H in the interlayer HO is exchangeable
with Na*.131420The structure of Nai,0s°H,O is modeled
to be analogous to that of i, Os-H,0, preserving a body-
centered orthorhombic lattidé The bond distance of NeO

in NaOH is 0.23 nn¥2 which is larger than that of HO in
H.,0. Intercalation with Nawould result in a larger interlayer
distance than that with H This argument coincides with
the data in Figure 1, showing a largigo (i.€., a smaller 2
for the (200) reflection) for the Na-abundant specimens
obtained at pH>12 (top of Figure 1). The lattice constants
of the pH= 13.5 sample were determined from the XRD
pattern (top of Figure 1) to b&= 1.951 nmjb = 0.369 nm,

andc = 0.289 nm, similar to those values reported by studies

claiming a structure of N&i,04(OH), for the nanotube¥14
The lattice constants of Hi,Os'H,O and NaTi,Os-H,O

sharing TiQ octahedra with N& and OH intercalated
between the sheets. The formed structure isTN®s-H,O
(i.e., NaTiO4(OH),). The projection along [001] of this
sodium titanate exhibits layers of the Octahedra edge-
shared in a zigzag configuration (Figure 7b). This configu-
ration can be correlated with the principal unit layer of the
anatase Ti@projected along [101] (Figure 7a). A previous
study also pointed out that if the two longer-T® bonds in

the TiOs octahedra were broken, the anatase ;Twould
transform into the layered titanatéHowever, the literature
summary in Table 1 has reflected that both anatase and rutile
can be transformed into titanate nanotubes via the NaOH
treatment. The rearrangement of the § @tahedra in rutile
would thus be more vigorous in order to form the titanate.
The exhibition of the anatase structure in Figure 7a simply
intends to show the similarity between the principal structures

suggested above would result in (200) XRD peaks situated
at 20 = 9.8 and 9.2, respectively. The (200) peak position
of the titanate nanotubes shown in Figure 1 also ranges
between 9.2 and 9°8All the evidence clearly points out

of anatase and the titanate.

The formed NaTi,0sH,O would undergo Naexchange
with H* in the post-treatment acid washing. The exchange
would result in variation of the surface charge, leading to a
peeling-off of the individual layers of the titanate and
subsequent scrolling of the layers into nanotubes (Figure

(33) Rustad, J. R.; Felmy, A. R.; Rosso, K. M.; Bylaska, BAr. Mineral.
2003 88, 436.
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7¢)1319Thex value of the nanotube structure, NadyTi,Os: tions would rely heavily on an appropriate tuning of the
H,0, would increase with the acidity of the post-treatment. crystalline phase or texture feature of the nanotubes.

At an acidity as high as pH 1.6, anatase becomes the major
structure (Figure 1), rather than titanate. This indicates that ) ]
the tube walls would proceed with dehydratidrfprming Upon hydrothermal treatment of Tin NaCOH, a disor-

the anatase structure at some locations of the nanotubesdered phase with a layered structure formed in the present
During this transformation, the titanate framework would work. This disordered phase, believed to be the intermediate
shrink by reducing the interlayer distance. Because of the for nanotube formation, was mainly composed 0fNzDs:
similar zigzag configuration, the [001] projection of the H20,a QIvaIent salt titanate with an orthorhombic unit cell.
titanate layers would shrink to the (101) faces of anatase After being washed with HCI, the disorder phase transformed

TiO,, leading to a defective structure in the nanotubes. With into titanate nanotubes with the gradual substitution of Na

a gradual increase in this transformation by increasing the With H”. When we increased the acidity of the washing, the
post-treatment acidity, the nanotubes would eventually Nanotubes became defective because of the formation of an
rupture to form small anatase crystallites, as depicted in the@natase Ti@ phase on some spots of the tubes; they
TEM image of Figure 4d. As stated above, the anatase thus€ventually transformed into nanocrystalline anatase with
derived was composed of turbostratic stacking of the (101) turbostratic stacking. By backwashing the nanocrystalline
faces with a defective alignment (Figure 7d). Because of this anatase with NaOH, we transformed the structure into titanate
defective feature, this anatase can be hydrated with intercalalanotubes and eventually to titanate plates at high pH values.
tion, and can then transform into titanate nanotubes (FigureCrystalhne-structu_re analysis hgs demonstrated the p.OSSIbI|Ity
7e) via a soft-chemical route, i.e., by backwashing with Of the transformation between titanate and anatasgtieg
NaOH. When we further increased the pH in the backwash- achieved through such a soft-chemical reaction route.
ing to above 8, crystalline titanate plates would form (Figure Knowledge of this transformation could enormously extend
7f). When we washed the plates with HCI, nanotubes formed the application of this specifically featured (large surface area
again (Figure 7c), most likely derived from scrolling of the @nd layered configuration) material.

Conclusions
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