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Abstract: A size- and shape-dependent morphological transformation was demonstrated during the
hydrothermal soft chemical transformation, in neutral solution, of titanate nanostructures into their anatase
titania counterparts. Specifically, lepidocrocite hydrogen titanate nanotubes with diameters of ~10 nm were
transformed into anatase nanoparticles with an average size of 12 nm. Lepidocrocite hydrogen titanate
nanowires with relatively small diameters (average diameter range of < 200 nm) were converted into single-
crystalline anatase nanowires with relatively smooth surfaces. Larger diameter (=200 nm) titanate wires
were transformed into analogous anatase submicron wire motifs, resembling clusters of adjoining anatase
nanocrystals with perfectly parallel, oriented fringes. Our results indicate that as-synthesized TiO;
nanostructures possessed higher photocatalytic activity than the commercial titania precursors from whence
they were derived.

Introduction atoms. In other words, existing nanostructures serve as structural
templates from which nanomaterials of a diverse nature and a
complex composition, which may be difficult or otherwise
impossible to synthesize, can be readily generated. Collectively,
these types of reactions with minor alterations could be used to
doroduce many technologically important, nanometer-scale crys-
talline materials, with a wide range of size- and shape-tunable
properties’> %11 The main point involved is that classes of new
nanomaterials can be created through reasonably straightforward
én situ localized structural transformations, which are often
modifications of versatile bulk reactions.

As a model system to demonstrate this idea, nanocrystallites
of TiO, (titania) are of great interest for photocatalysts, gas
sensors, pigments, and photovoltaic applications, because of their
electronic, optoelectronic, and catalytic properties, which are
intrinsically coupled to their high surface area, porosity, low

cost, and chemical stabilif#. Hence, it is not surprising that
groups have been highly motivated to synthesize titania nano-
structures by solution chemistry methods, involving either
titanium sulfates, titanium tetrahalides, titanium alkoxides, or

Nanoscale synthesis has traditionally relied on generating
nanomaterials from bulk precursors using a number of excellent .
though imperfect approaches. For instance, various “top-down”
strategies, such as milling, imprinting, or etching techniques,
are limited with respect to the available geometries, shapes, an
sizes of synthesizable nanomaterials that can be efficiently
generated:2 In addition, diverse “bottom-up” methodologies
starting from either atomic or molecular precursors in the
gaseous or solution phase often are unable to yield simultaneou
control over nanoparticle structure, surface chemistry, mono-
dispersity, crystal structure, and assenmigly.

It would be conceptually easier to control the chemical
structure of matter at the nanometer scale if one were able to
start with, transform, and subsequently manipulate nanoscale
precursors to obtain the desired target materials. One exciting
strategic approach aimed at fulfilling this objective is associated
with the use of localized solid-state chemical transformations
via the insertior?;® exchangé;’ or deletior§~1° of individual
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* Brookhaven National Laboratory. perimental conditions, such as the presence of either acidic and
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concentrated aqueous NaOH solutfoFhese TiQ(B) nanowires

10 M) and placed into a Teflon-lined autoclave with an 80% filling

could be further transformed into their anatase one-dimensionalfactor. The autoclave was then oven-heated at-IlBD°C for 12 h to

600 to 800°C and at 900°C, respectively? Platelike BaTiQ
and anatase particles can be synthesized from afokin of
titanate (e.g., Ho7Ti1.7804-nH,0) with a lepidocrocite-like

layered structure using a hydrothermal soft chemical synthetic

repeatedly with copious amounts (100 to 200 mL) of distilled, deionized
water until the pH value of the supernatant had attained a reading close
to 7. After collection by centrifugation and oven drying at 12D
overnight, the as-produced 1-D sodium hydrogen titanate nanomaterials
were neutralized using a 0.1 M HCI solution and subsequently washed

process® Moreover, titanate nanostructures can be converted it gistilled, deionized water100 to 200 mL until the pH of the

into their anatase and rutile Tihanoparticle polymorphs in
simple wet-chemical conditions in acidic aqueous dispersions.

supernatant had attained a value-oT) to prepare their hydrogen
titanate analogues, which were subsequently oven-dried at°@20

Very recently, we have demonstrated that as-formed, sea-urchin-overnight.

like assemblies of alkali metal hydrogen titanate 1-D nano-

structures could be subsequently transformed into their analo-

gous anatase TiO1l-D counterparts by annealing hydrogen
titanate 1-D nanostructure intermediates inir.
It is noteworthy that none of these prior experiments aim to

rationally dictate the size and shape of the resultant nanoscale,

product along the lines of a recently reported study from the
Alivisatos group in selenide nanocrystal syst€émayerein care-

B. Titania. To synthesize the corresponding anatase nanostructures,
dried hydrogen titanate nanostructures5Q mg) were dispersed into
16 mL of distilled water fo 1 h bystirring and then transferred to a 23
mL autoclave, which was kept at 17C in this case, for 1236 h®
A white precipitate was eventually recovered upon centrifugation.
Materials Characterization. All products and intermediate precur-
sors in this reaction, including hydrogen titanate nanostructures, were
characterized by a number of different methodologies, including X-ray
diffraction (XRD), Raman spectroscopy, ultravictetisible (UV—vis)

ful analysis of the intrinsic thermodynamics, kinetics, and mech- spectroscopy, scanning electron microscopy (SEM), transmission
anism of nanocrystal reactions was used to obtain insights intoelectron microscopy (TEM), high-resolution transmission electron
the size ranges of nanocrystals that could be chemically trans-microscopy (HRTEM), selected area electron diffraction (SAED), and
formed without loss of original shape. The gist of that work energy-dispersive X-ray spectroscopy (EDS).

was that nanocrystal chemical reactions could undergo homo- X-ray Diffraction. Crystallographic and purity information on
geneous, molecule-like kinetics, resembling molecular trans- hydrogen titanate and anatase Ii@nostrgctures were obtained using
formations, as opposed to the more complex, heterOgeneOUSpOWder XRD. To analyze these materials, as-prepared samples of

statistically averaged kinetics characteristic of many bulk solig- 'vdrogen titanate and anatase Tiafter centrifugation, were subse-
state reactiond!! quently sonicated for about 1 min and later air-dried upon deposition

o o o . onto glass slides. Diffraction patterns of these materials were collected
In t_he current manuscript, in the spirit of this idea, we studied ygjng a Scintag diffractometer, operating in the Bragg configuration
the size dependence of a number of hydrothermally preparedusing Cu kx radiation ¢ = 1.54 A) from 5 to 8C° at scanning rates

titanate nanostructure “reageris®” in controllably preparing
anatase Ti@ products by a reasonably mild hydrothermal
process coupled with a dehydration reactidin our exper-

of 0.2 per min.
Raman Spectroscopy. Spectra were acquired with a Raman
microspectrometer (Renishaw 1000) using an kser (514.5 nm). A

iments, we have been able to convert titanate nanowires and50x objective and Ipw laser power density were choser_1 for irrad_iation
nanotubes into anatase titania nanowires and nanoparticles®f bulk hydrogen titanate and commercial anatase;&@mples in

respectively, at essentially 100% yield under neutral aqueous7add|t|o_n to all of the nanostructure samples, as well as for _S|gnal
relatively low-temperature conditions, unlike the acidic aqueous S°€Ction- The laser power was kept low enough to avoid heating of
conditions used by Zhu et &lln fact, we show that the size the samples by optical filtering and/or defocusing the laser beam at

. . the sample surface. Spectra were collected in the range o500
and shape of the precursor titanate structural motif strongly .1 \vith a resolution of 1 crmt.

dictate and control the eventual morphology of the resulting  yy/_yisiple Spectroscopy.UvV—visible spectra were obtained at
titania products. This work serves as the first report of a similar high resolution on a Thermospectronics UV1 spectrometer using quartz

localized size- and shape-dependent transformation betweentells with a 10-mm path length. Spectra were obtained for hydrogen
oxide nanostructure motifs, analogous to what has been previ-titanate and anatase nanostructures which had been sonicated in distilled

ously observed in selenide systembloreover, our as-syn-
thesized crystalline anatase Tiproducts are chemically pure,
prepared without the use of either mineralizers or anionic
additives.

Experimental Section

Materials Preparation. A. Titanates. In our experiments, the
hydrothermal method initially developed by Kasuga et al. was employed
for the synthesis of titanate nanostructures, which involved a primary
reaction between a concentrated NaOH solution and titanium diox-
ide 1617 Specifically, a commercial anatase Liowder (Alfa Aesar,
0.1-1 g) was dispersed in an 18 mL aqueous solution of NaOH (5

(14) Yoshida, R.; Suzuki, Y.; Yoshikawa, 3. Solid State Chen2005 178
2179.

(15) Feng, Q.; Hirasawa, M.; Yanagisawa, ®hem. Mater2001, 13, 290.

(16) Bavykin, D. V.; Parmon, V. N.; Lapkin, A. A.; Walsh, F. Q. Mater.
Chem.2004 14, 3370.

(17) Kasuga, T.; Hiramatsu, M.; Hoson, A.; Sekino, T.; NiiharaAldv. Mater.
1999 11, 1307.
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water to yield homogeneous dispersions.-t¥sible absorption spectra
were recorded using distilled water as a blank.

Electron Microscopy. The size, morphology, and chemical com-
position of solid powder samples of precursor hydrogen titanate and
resulting anatase Tihanostructures were initially characterized using
a field emission SEM (Leo FE-SEM 1550 with EDS capabilities) at
accelerating voltages of 15 kV. Specifically, powders of hydrogen
titanate and anatase Ti@anostructures were mounted onto conductive
carbon tapes, which were then attached onto the surfaces of SEM brass
stubs. These samples were then conductively coated with gold by
sputtering for 20 s to minimize charging effects under SEM imaging
conditions.

Low magnification TEM images were taken at an accelerating
voltage of 120 kV on a Philips CM12 instrument, equipped with EDS
capabilities. HRTEM images and SAED patterns as well as EDS data
were obtained on a JEOL 2010F HRTEM (equipped with an Oxford
INCA EDS system as well as with the potential of performing SAED)
at an accelerating voltage of 200 kV to further characterize the
morphologies of individual nanostructures of hydrogen titanate and
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Figure 1. XRD patterns from (a) hydrogen titanate nanotubes, (b) hydrogen . ld . . ibe th |
titanate nanowires, (c) anatase JiGanoparticles, and (d) anatase Fi0 ~ €XPe€rimental data, it Is more appropriate to ascribe the crysta

nanowires, respectively. structure of our as-prepared hydrogen titanate nanotubes and
nanowires to that of a structural variant obHzO;. More

anatase Ti@ Specimens for the TEM studies were prepared by gpecifically, it is reasonable to assign our XRD patterns to those

depositing a drop of these agqueous suspension samples onto a 300 meskf an orthorhombic protonic lepidocrocite {Ho— 40404 (X

Cu gr_id_, coated with a lacey carb_on film. Prior to deposition, solutions ~0.7,0: vacancy)) structure because of the observatiorfof 2

containing samples of hydrogen titanate and anatase nanostructures Were. ues at 9.6 24.7, 28.02, 48.22, and 62, which can be

sonicated for 2 min to ensure adequate dispersion in solution. attributed to the relevant 020, 110, 130, 200, and 002 peaks,

Elemental Analysis.Inductively coupled plasma mass spectroscopy - 0181 .
(ICP-MS) was accomplished using a Perkin-Elmer Sciex Elan 6100 "€SPectively:>*!We have also observed an as-yet unexplained,

ICP-MS instrument. A 60-element semiquantitative metals screen was Stronger intensity of the (020) reflection for nanowires as
performed on representative samples. The presence of Bi was attributedcompared with that of the corresponding nanotubes.
to impurities originating from the autoclave. All of the diffraction peaks in Figure 1c and d after further

Photocatalytic Activity. To test the photochemical efficiency of as-  hydrothermal treatment of the hydrogen titanate nanostructures
prepared Ti@ samples, a solution mixture of 100 mg/L Procion Red  prepared under neutral conditions could be indexed to the pure
MX-5B (Aldrich) containing 100 mg/L Ti@ nanostructures in water  hexagonal anatase phase of ZiGhe intensities and positions
was prepared under irradiation with a UV I_amp _(maX|mum emission ¢ the observed peaks are in good agreement with literature
wavelength gt 365 nm) at &5 cm se_paratl(_)n distance. Analqgous values (space grough/amd JCPDS File No. 21-1272f No
control experiments were performed either without Z{@lank) or with . . .

. ; i L T e peaks of the rutile or brookite phase were detected, indicating
commerical nanosized TiOAt given irradiation time intervals, 10 mL . .
satisfactory purity of the products.

aliquots were sampled and centrifuged to remove remnant TiO .
particles. Supernatant aliquots were subsequently analyzed by Uy~ Raman Spectroscopy.Since Raman spectra of both as-

visible spectroscopy at high resolution using a Thermospectronics Uv1 Prepared hydrogen titanate nanowires and nanotubes were
spectrometer with 10-mm path length quartz cells. essentially identical, only the spectrum of hydrogen titanate
Results and Discussion nanowires is presented in Figure 2a, which displays very broad
The main gist of our data is that we were able to controllably Pands near 195, 280, 450, 680, and 920 gmespectively. In
prepare hydrogen titanates of varied sizes and shapes, obtaine@dreement with the XRD data previously discussed, the observed
at different reaction temperatur&sUpon subsequent reaction, ~ SP&Ctrum shows very similar peak positions and profiles to that
these nanoscale precursors yielded nanosized titania product§f Protonic lepidocrocite titanate (fio—xallxaOa (x ~0.7,0:
whose structural morphology was intrinsically dependent on the Yacancy)).>+%2°By contrast, the spectrum of a bulk;HsO;
size and shape of the starting reagent nanomaterial. WeSample, generated by the neutralization of a bulk T,

summarize our results as follows and thereafter systematicallyProduct obtained commercially (Aldrich), is presented as
describe our experimental results in detail. spectrum b in Figure 2. It is evident that with this as-prepared

(i) Hydrogen titanate nanotubes 7 to 10 nm in diameter) ~ Pulk H2TisO7 sample, there is an abundance lof sharp peaks in
were transformed into single-crystalline anatase nanoparticles.the lower wavenumber regime of 10800 cn* as well as a
(i) Small-diameter hydrogen titanate nanowire=200 nm) characteristically strong peak nea850 cnt?,1%-194a]l of which

were converted into single-crystalline anatase nanowires with @€ absent in the spectrum of our as-prepared 1-D hydrogen
relatively smooth surfaces. titanate nanostructures. This observation is consistent with

(iii) Large-diameter hydrogen titanate wiresZ00 to 500 ascribing our structures to the presence of protonic lepidocrocite
nm) were altered into anatase wires, resembling clusters of titanate (HTiz—a0404 (x ~0.7,00: vacancy)) sheets. The sole

adjoining anatase nanocrystals with perfectly parallel, oriented Caveat is that because there are few reports directly relating
fringes. observed Raman peaks to specific active modes of layered

XRD. As-prepared solid samples of both hydrogen titanate titanates, the exact assignment of the bands in the Raman spectra

and anatase nanostructures were examined by powder XRDMay not be fully accurate.

measurements (Figure 1). Thg XRD. patterns of both hydrqgen(ls) Ma, R.. Bando, Y. Sasaki, Them. Phys. Let2003 380, 577.

titanate nanotubes and nanowires (Figure 1a and b, respectively]19) Ma, R.; Fukuda, K.; Sasaki, T.; Osada, M.; Bando,JYPhys. Chem. B
; afing fitani 2005 109, 6210.

do_not corresp_ond to elthe_r pristine titania phases of anatase,(zo) Sasaki, T.. Nakano, S.: Yamauchi, S.: WatanabeChem. Mater1997

rutile, or brookite, or to a mixture thereof. In fact, based on the 9, 602.
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Figure 3. UV —vis spectra of as-prepared (a) hydrogen titanate nanotubes,
(b) hydrogen titanate nanowires, (c) anatasesTi@noparticles, and (d)
anatase Ti@nanowires, respectively. The curves are shifted vertically for
clarity.
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The Raman spectrum of TiOnanostructures (Figure 2c)

UV —visible Spectroscopy UV—visible spectra of as-
prepared protonic lepidocrocite titanate and titania nanostructures
are shown in Figure 3. It is evident that for all the protonic
lepidocrocite titanate and titania nanostructure samples, there
is a broad band absorption from 250 to 350 nm, due to the
transition from the @ antibonding orbital to the lowest empty
orbital of Ti**.23 Moreover, the absorption band of the smaller-
sized (tens of nm) protonic titanate nanotubes (Figure 3a) is
blue shifted relative to that of the relatively larger (hundreds of
nm) protonic titanate nanowires (Figure 3b). This blue shift can
be rationalized based on a previous study, wherein it was found
that, with decreasing sample size, the optical edge tended to
shift to higher energy, a phenomenon which was attributed to
guantum size and confinement effe¢tsThe corresponding
absorption bands of anatase nanoparticles and of anatage TiO

shows the presence of five characteristic peaks, expected ofnanowires are shown in Figure 3c and 3d, respectively. We also
anatase. No other peaks, corresponding to other titania phasesyoted that the positions of the absorption peaks of protonic

were observed, indicating that our as-prepared titanium dioxide
nanostructures were likely pure anatase in phase. In fact
observed peaks at 143 ci(Eg), 197 cm? (Eg), 399 cnt
(B1g), 519 cm?t (Byg), and 639 cm? (Eg) matched well with
those of single crystalline anatase (Figure Zdyloreover, the
presence of well-resolved, higher-frequency Raman lines with

titanate and anatase titania samples suggest that these materials

rare wide band gap semiconductors, a conclusion which is

consistent with previous reports?

Microscopy of Protonic Titanate Nanostructures. A.
Nanotubes.Figure 4a and 4b indicated that the titanate sample,

substantial intensities indicated that the nanostructures wereprepared at 126C under hydrothermal conditions, consisted

highly purified with few defectd? Figure 2d shows the Raman

of a large quantity of nanotubes with lengths in the range of

spectrum of a sample of 5 nm anatase nanoparticles, obtainedseveral hundred nanometers, outer diameters/ef10 nm, and

commercially from Alfa Aesar as a comparison.

inner diameters of 35 nm. HRTEM observations revealed that

STy
3
o
LA
>
=
®
c
2
£

Figure 4. As-prepared hydrogen titanate nanotubes. (a) Low magnification TEM image. (b) and (c) HRTEM images. The inset of (c) shows an electron
diffraction (ED) pattern. (d) EDS spectrum. The Cu peaks originate from the TEM grid.
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Figure 5. As-prepared hydrogen titanate nanowires. (a) Typical SEM image. (b) TEM image. (c) HRTEM image. The inset shows the corresponding SAED
pattern. (d) EDS data. The Cu peaks originate from the TEM grid.

these nanotubes normally consisted of three to five layers in °C. In this sample, the as-prepared nanowires were measured
terms of wall thickness (Figure 4b). to be a few microns long and65 to 400 nm wide. Two distinc-

The measured interiayer Spacing was found to be about 7_5tive pOpU'ationS of diameter distributions of prOtoniC titanate
A (Figure 4b), thed Spacing measurement perpendicu|ar to the nanowires were observed (Figure Sl) ThOUgh these nanowires
tube axis yielded a value of 3.3 A (Figure 4c). It is well-known tended to aggregate fairly easily, as can be observed from the
that protonic titanates can dehydrate during experimental SEM image (Figure 5a), sonication could readily resolve this
microscopy conditions because of the high vacuum environmentProblem, as shown in the corresponding TEM image (Figure 5b).
and the bombarding effect of electrons, which may collectively = The HRTEM image (Figure 5c) indicates that, in this
lead to a degree of shrinkage in the interlayer spatirighus, particular nanowire sample, the interlayer distance measured
the interlayer distances measured from the HRTEM images along the wire is~0.71 nm, whereas the interlayer distance
herein may not be as accurate and most likely decreased upommeasured perpendicular to the wire~§.36 nm. Once again,
loss of hydrated water. This possibility is consistent with our considering the likelihood of sample dehydration during mi-
observation that the perfect lattice tended to degrade after a fewcroscopy observatiori§the 0.71 nm distance could be indexed
seconds of electron beam irradiation. We therefore consideredto dy,0, Whereas the 0.36 nm distance could be assigneégh o
it reasonable to index the observed 7.5 A distanceyipand of HyTiz—y4OwaO4 (X ~0.7,0: vacancy). The inset of Figure
the measured 3.3 A distance thio respectively, of an 5c yields an SAED pattern, which can be indexed to the (200)
orthorhombic protonic lepidocrocite (Hiz—x4x4O4 (X ~0.7, and (110) diffraction planes, respectively, of the orthorhombic
O: vacancy)) structure. In fact, the inset of Figure 4c yields an lepidocrocite structure, although some displacement of the
SAED pattern, with the two rings indexed to the (200) and (110) original spots was noted, indicating that a structural transforma-
diffraction planes, respectively, of the orthorhombic lepidocro- tion had taken place upon electron beam expo¥iiftne EDS
cite structure. The EDS data (Figure 4d) clearly indicate that spectrum (Figure 5d) clearly indicates that the titanate nanowires
the titanate nanotubes are composed of Ti and O, as expectedare composed solely of Ti and O. As with the titanate nanotubes,
No Na was detected in the nanostructures, after washing withno Na was detected in the nanostructures after washing with
HCI. Taking into consideration the likely presence of H in the HCI, though the presence of Na was noted by ICP-MS (Table
product, this sample can therefore be attributed to a protonic S1). Moreover, taking into consideration the likely presence of
titanate species, in agreement with XRD and Raman results. H in the product, this nanowire sample can therefore be

B. Nanowires. Figure 5a and 5b show representative SEM attributed to a protonic titanate species, in agreement with XRD
and TEM images taken from the as-synthesized protonic titanateand Raman results.
nanowires, neutralized from sodium hydrogen titanate nanowires Microscopy of Titania Nanostructures. A. Nanopatrticles.
that had been prepared under hydrothermal conditions at 180After an additional hydrothermal cycling involving precursor

J. AM. CHEM. SOC. = VOL. 128, NO. 25, 2006 8221
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Figure 6. As-prepared anatase Ti@anoparticles. (a) TEM image. (b) ED pattern. (c) HRTEM image. (d) EDS data. The Cu peaks originate from the TEM
grid.

titanate nanotubes reacted at 2@for 24 h, all of the nanosized  gel methods involving the use of titanium tetrachloride or
protonic lepidocrocite titanate nanotube precursors were trans-titanium alkoxide precursors or through solution chemistry
formed into corresponding anatase Fi@anoparticles, which  techniques associated with titanium sulféf&dn these prior
mainly consisted of nanoscale cubes and rhombohedra, ageports, such protocols have tended to be associated with the
demonstrated by the TEM image in Figure 6a. These nanopar-generation of either chemical impurities or minor impurity
ticles have an average size of 222 nm. Figure 6b shows an  phases in the final anatase EiProducts'3P
SAED pattern, with the five rings indexed to the (101), (004), By contrast, our synthesis yields anatase sli@noparticles
(200), (211), and (213) diffraction planes, respectively, of the with controllable chemical composition (without the obvious
hexagonal structure of anatase 7i@ agreement with that of  presence of impurities) as well as particle morphology, produced
bulk crystal data. In the HRTEM image of the resulting anatase under hydrothermal conditions in neutral aqueous solvent
TiO2 nanoparticles (Figure 6c), one can clearly observe a 0.352wjthout the use of mineralizers, anions, or similar additives (such
nm lattice spacing between the (101) planes. The EDS spectrumgs SQ2-, NH,CI, NaCl, SnCi, and so forth). Nonetheless, we
(Figure 6d) shows that these Ti@anoparticles are elementally  cannot discount the possibility that there may be a significant
composed of Ti and O, with the Cu peaks originating from the amount of hydroxyl species on the surfaces of these nanopar-
TEM grid. ticles, which would be beneficial for an enhanced photocatalytic
Based on these data, we can conclude that the figho- activity of these materiaf.26
particles synthesized using this method are single-crystalline B, Nanowires.Anatase TiQ nanowires were synthesized by
titania, with a hexagonal structure similar to that of the bulk 3 similar hydrothermal soft chemical synthetic method. In this
crystalline anatase solid. This assertion is in agreement with case, protonic lepidocrocite titanate nanowire precursors were
the XRD pattern and Raman spectrum data (Figure 1c and 2¢),ysed instead. As with the anatase Ti@noparticle synthesis,
taken from a collection of Tignanoparticles. Itis worth noting  the reaction was also run at 170 for 24 h. The FESEM image
that previous methodologies aimed at synthesizing anatase(Figure 7a) and TEM image (Figure 7b) show that anatase TiO
nanoparticles have been primarily associated with either sol  nanowires are formed. We note that the surfaces of the smaller
diameter € 200 nm) nanowires formed are uneven as compared

(21) Busca, G.; Ramis, G.; Amores, J. M. G.; Escribano, V. S.; Piaggid, P.
Chem. Soc., Faraday Tran994 90, 3181.

(22) Zhao, Y.; Lee, U.-H.; Suh, M.; Kwon, Y.-WBull. Korean Chem. So2004 (24) Brus, L. E.J. Phys. Chem1986 90, 2555.
25, 1341. (25) Cao, L.; Huang, A.; Spiess, F.-J.; Suib, SJLCatal. 1999 188, 48.
(23) Xu, Z.; Shang, J.; Liu, C.; Kang, C.; Guo, H.; Du, Mater. Sci. Eng. B (26) Vorontsov, A. V.; Altynnikov, A. A.; Savinov, E. N.; Kurkin, E. NI.
1999 63, 211. Photochem. Photobiol. 2001, 144, 193.
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Figure 7. As-prepared anatase Ti@anowires. (a) General SEM image. (b) TEM image. An individual anatase nanowire with a diame&9 of: (c)
TEM image. The inset shows EDS data. The Cu peaks originate from the TEM grid. (d) HRTEM taken from a portion of the nanowire shown in (c). The
inset depicts the corresponding SAED pattern.
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with those of the precursor protonic titanate nanowires, while width is around 400 nm, and its length can range up to several
the surfaces of the larger diameter200 to 500 nm) wires microns. It is evident though that this wire structure is
synthesized are noticeably rougher than those of the precursorcompletely covered by or otherwise composed of aggregates
protonic titanate nanowires. In addition, clusters of some as- of discrete anatase TiOnanocrystals (Figure 8a). Three
formed nanoparticles also were detected in this sample. representive HRTEM images (Figure-88, S2-4) taken along
Figure 7c illustrates an individual anatase nanowire with a the length of an individual, larger diameter wire shows that this
diameter of around 80 nm and with a length of up to a few wirelike structure is actually composed of a string of adjoining
microns. The EDS data (inset to Figure 7c) clearly show that anatase Ti@nanocrystals. Strong faceting of the nanocrystal
the nanowires are composed of Ti and O elements alone; ICP-building blocks and the presence of defects at interfaces are
MS data further confirm the lack of any high concentrations of clearly observed in these images. These as-formed nanocrystals
impurities (under 0.1%) (Table S1). In the HRTEM image are interconnected and aligned onto the adjoining wire surface
(Figure 7d) taken from a portion of the individual anatase with perfectly parallel lattice fringes, without the apparent
nanowire shown in Figure 7c, one can observe a 0.352 nm latticepresence of misorientations, though these cannot be fully
spacing between the (101) planes, indicating that the nanowiresdiscounted. That is, the anatase Ti@anoparticles are all in
have a [101] orientation. The inset to Figure 7d shows the SAED the same orientation as the underlying uniaxial wire motif. The
pattern, indexed to the (101) and (002) diffraction planes, spacings of the lattice fringes were found to be about 0.352
respectively, of the hexagonal structure of anatase. Moreover,and 0.475 nm, respectively, as further shown in Figures4s2
the HRTEM images and SAED patterns taken from different These two planes could be well indexed as [101] and [002]
positions along the nanowire were found to be essentially lattice orientations of the anatase TiOrystal, respectively,
identical within experimental accuracy, indicating that the entire according to JCPDS card No. 21-1272. The measured angle
nanowire is likely to be single-crystalline. We cannot necessarily between these two planes is 68.&atching closely with the
negate the possibility that an amorphous coating covers the outercalculated value based on JCPDS card No. 21-1272 literature

surfaces of some of these nanoscale structures. data. The oriented arrangement of the anatase A@&docrystals
Figure 8 demonstrates a few representative TEM and HRTEM was confirmed by SAED analysis, which exhibited only one
images of a larger-diameter, individual anatase ;Tidre. Its set of diffraction patterns along the entire wire (inset of Figure
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Moreover, the thin protonic titanate nanotube may be in a
structurally nonequilibrium state and, therefore, merely rearrange
into its more stable thermodynamic state. Not surprisingly, for
the thin protonic titanate nanotubes, a change of morphology
to the thermodynamically more stable sphere, cube, or rhom-
bohedron may occur, before the constituent ions have had the
opportunity to diffuse, reorganize, and ultimately attain their
kinetic equilibrium positions in the produé?

B. Protonic Titanate Nanowires to Anatase Titania
Nanowires/Nanocrystal AggregatesWith lepidocrocite pro-
tonic titanate nanowire precursors, which are thicker than
nanotubes and which appear to maintain their nonequilibrium
shapes upon reaction, the reaction zone is not as affected by
width considerations of the nanowire itself. Hence, propagation
of the reaction front occurs, and the precursor nanostructure
morphology is retained in the final titania proddct.

The transformation of larger-diameter hydrogen titanate
nanowires (in this case, between 200 and 500 nm) into structures
T composed of aggregates of anatase,Ti@nocrystals and of
smaller-diameter hydrogen titanate nanowires into single-
crystalline anatase Tikhanowires can be explained by several
plausible scenarios. For example, one group observed hydrogen
titanate nanofibers covered with aggregates of anatase nano-
crystals®® To explain this, it was proposed that the phase
transition from titanate to anatase occurred through a to-
pochemical reaction procedsin which the hydrogen titanate
nanofibers dehydrated due to a reaction with acid, yielding
anatase. It was assumed, because of the retention of the nanowire
motif, that this dehydration process was accompanied by an in
situ phase conversion (albeit incomplete due to formation of a
Figure 8. An individual submicron-sized anatase Fi@ire with a diameter composite structure), rather than through outright dissolution
of approximately 400 nm: (a) TEM image. The inset shows the corre- . .
sponding SAED pattern. (bd) HRTEM images taken from portions along ~ ©! titanate and atom-by-atom recrystallization of anatase.
the wire shown in (a), as delineated by individual white squares. In our study, no acid was used. However, we note that the

lattice mismatch between the (110) plane of protonic lepi-
8a and Figure S5). The same SAED pattern shown in the insetdocrocite titanate nanowire substrate and the (101) plane of the
of Figure 8a was enlarged in Figure S5 and indexed to [101] anatase Ti@nanocrystals is very smatl-2%):312the interplanar
and [002] planes, consistent with the HRTEM results. Our data distances ofli10 (3.59 A, protonic titanate) ando; (3.52 A,
therefore suggest that anatase Fi@nocrystals, constituting  anatase Tig) involved are rather similar. The protonic lepi-
the wirelike aggregates, are essentially aligned in the samedocrocite titanate lattice, Hi>—x40x4O4 (X ~0.7,00: vacancy),
orientation and that, hence, our as-synthesized anatase TiOis composed of two-dimensional lepidocrocit§FeOOH)-type
wires (including both as-formed small nanowires as well as sheets in which Ti@octahedra are connected to each other via
nanocrystal aggregates) grow along the [101] direction, regard-edge-sharing and protons are localized between the layers. In
less of the actual wire diameter. other words, the individual lepidocrocite-type host layer re-

Plausible Formation Mechanism. A. Protonic Lepidocro- sembles a continuous, planar two-dimensional aff@yWe
cite Titanate Nanotubes to Titania NanoparticlesOur results ~ have clearly observed the layered nature of our protonic titanate
suggest that the diameter, i.e., the thickness, of the precursosstructures from HRTEM images of titanate tubes and wires
nanostructure may be a critical determinant factor in governing (Figures 4b and 5c). Because these particular crystallographic
the resultant shape of the product nanomatérlalhas been  features are also common to the anatase Tfice and because
observed that, at the nanoscale, there are changes in the reactioiese lattices are essentially perfectly aligned, it is reasonable
free energy and the height of the reaction barrier, relative to to postulate that single-crystalline anataseTi@nocrystals can
the bulk?7.28 For instance, by analogy to quantum dots, in the form and grow in situ from the protonic titanate nanowire
thin precursor protonic titanate nanotubes, the width of the surface (Figure 93312 That is, the low interfacial lattice mis-
reaction zone can become comparable in dimension to the wholematch between titanate and titania could lower the heteronucle-
width of the nanotube, due to the relatively small number of ation energy barrier required for growth of the nanopart-
atomic layers present within a few nanometers of the structure. icles31°
Hence, the slow propagation of the reaction front, driven by - - :
the gradient of the local chemical potential at or near the reaction % ggégs'giygg' N.; Kaganovskil, Y.; Bogdanov, V. Solid State Phenom.

zone, may no longer be the rate-limiting step of the reaction. (30) Zhu, H.-Y.; Gao, X.-P.; Lan, Y.; Song, D.-Y.; Xi, Y.-X.; Zhao, J.-C.
Am. Chem. So2004 126, 8380.

(31) (a) Yang, H. G.; Zeng, H. Q. Am. Chem. So2005 127, 270. (b) Zhang,

(27) Van Hove, M. AJ. Phys. Chem. B004 108, 14265. D.-F.; Sun, L.-D.; Jia, C.-J.; Yan, Z.-G.; You, L.-P.; Yan, C.-H.Am

(28) Maradudin, A.; Melngailis, Phys. Re. 1964 133 A1188. Chem. Soc2005 127, 13492.
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Figure 9. Schematic representations of crystal structures for the orthor-
hombic protonic lepidocrocite (Hiz—xa0x4Os (X ~0.7, O: vacancy))
titanate structure (a and b) and its reconstruction to anatase(@)OriOs

Figure 10. Schematic representation of the size- and shape-dependence
of the morphological transformation of hydrogen titanate nanostructures
into their anatase analogues. Step 1 represents the preparation of hydrogen
titanate nanostructures, neutralized from sodium hydrogen titanate nano-
structures that, in turn, had been initially hydrothermally synthesized from
commercial anatase Tipowder. Step 2 represents the hydrothermal size-
and shape-dependent transformation process of orthorhombic protonic
lepidocrocite titanate (ki2—x40x404 (X ~0.7,00: vacancy)) nanostructures

into anatase titania nanostructures at 1@0for 24 h.

ing these bonds into anatase titahfd.Therefore, not surpris-

octahedra are in blue, oxygen atoms are in red, and hydrogen atoms are "]ngly, this process can take place under moderate conditions of

yellow. (a) View along thec-axis showing structural features, associated
with the (110) faces of titanate (8 3 x 1 cells). (b) View along the-axis

illustrating structural features corresponding to the (011) faces of titanate

(1 x 2 x 10 cells). (c) View along thé-axis depicting structural features
along the (101) faces of anatase 7i@ x 1 x 3 cells).

Hence, while the aggregation of small, independently gener-

ated anatase T#Onanoparticles on the surfaces of protonic
titanate nanowires is an attractive option, we believe our

observations are better suited to a direct deposition processa

relying on an in situ nucleation event followed by subsequent
oriented crystal growth and precipitation of tiny anatase,TiO

nanoparticles onto the underlying protonic titanate backbone.

That is, we hypothesize localized dissolution of the precursor
protonic titanate nanowires and an in situ transformation into
spontaneously oriented anatase Jifanoparticles, undergoing
self-aggregation. This is the basis of the so-called “contact
epitaxy” mechanism, previously observed for silver clusters
supported on a Cu(001) surfa&e3* In our case, the driving

force for this spontaneous oriented attachment is the small lattice
mismatch between the (110) plane of protonic titanate and (101)

plane of anatase Tithe elimination of this pair of high energy

surfaces leads to a substantial reduction in the surface free . ’ .
k. transformation process described herein.

energy of the resulting interface, thermodynamically speal
ing 3536 This effect is coupled with mechanical relaxation of
the highly stressed interface upon epitaxial alignment of the
anatase Ti@ nanocrystals with the underlying protonic lepi-
docrocite titanate nanowire substrdt€%3” Moreover, this
mechanism is conducive to retention of the wire morphology,
as the directed self-aggregation process of anatasg ndfo-
crystals has a low energy requirement for initially breaking
bonds within the hydrogen titanate framework and then reform-

(32) Yeadon, M.; Ghaly, M.; Yang, J. C.; Averback, R. S.; Gibson, JAppI.
Phys. Lett.1998 73, 3208.

(33) Penn, R. L.; Banfield, J. FSciencel998 281, 969.

(34) Penn, R. L.; Banfield, J. Fseochim. Cosmochim. Act999 63, 1549.

(35) Barnard, A. S.; Curtiss, L. ANano Lett.2005 5, 1261.

(36) Banfield, J. F.; Welch, S. A.; Zhang, H.; Ebert, T. T.; Penn, RStience
200Q 289 751.

low temperature and low pressure, as we have obséfved.

Even so, for small precursor protonic lepidocrocite titanate
nanowires £200 nm in diameter), it is relatively easier, based
on relative growth rates along different planes, to form small
equidimensional particles similar in dimension to the starting
material. Therefore, for these small hydrogen titanate nanowires,
their transformation to anatase TLi@anowires was effectively
simple, in situ phase conversion process. Alternatively, anatase
TiO, nanowire formation can be explained as resulting from
as-formed smaller anatase TiGhanoparticles more easily
attaching to the hydrogen titanate nanowire surface by attractive
van der Waals forces (the “hit-and-stick” scenario), subsequently
aggregating, and ultimately fusing to form elongate single
crystals3®

On the basis of the detailed analysis of the HRTEM and
SAED data, the proposed size-dependent shape transformation
of hydrogen titanate nanostructure precursors into their anatase
TiO, counterparts is illustrated in Figure 10. It is expected that
synthetic advances in achieving monodispersity and diameter
control over the size and shape distribution of hydrogen titanate
nanostructure precursors can aid in optimizing the morphological

Photocatalytic Activity. The photocatalytic activity of our
as-prepared anatase TBianostructures was evaluated by
measuring the degradation of synthetic Procion Red MX-5B
dye at 538 nm upon photoexcitation with light at 365 nm. It is
evident that both anatase Ti®anoparticles and nanowires
(Figures 6 and 7, respectively), prepared from nanoscale titanate
precursors, are active photocatalysts, as illustrated in Figure 11.
Moreover, our as-prepared anatase Jlif@noparticles (Figure
11c) and wires (Figure 11d) exhibit higher photoactivities as
compared with similarly sized commercial TiGhanoscale
powders (Figure 11b), from whence the parent titanate nano-

(37) Liu, B.; Yu, S.-H.; Li, L.; Zhang, F.; Zhang, Q.; Yoshimura, M.; Shen, P.
J. Phys. Chem. B004 108 2788.
(38) Pei, L.; Mori, K.; Adachi, M.Langmuir2004 20, 7837.
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°

@ (Figure 3c), can account for the increased photoactf¢fAs
(b) implied previously, the particulate size, degree of aggregation,

oO
0 © 0.9 surface chemistry, and surface area of these nanostructures are
25 (c) i
o 2 also important parameters that affect our data.
= g 0.8-
& c Conclusions
2 0.7- _
g £ In summary, we have demonstrated that a controllable size-
= . .
2 § 0.6 anql shapg-dependent morphological ghange between protonic
S lepidocrocite titanate and anatase Ti@anostructures can
0.5- (d) readily occur under relatively simple hydrothermal reaction
6 4'0 8'0 150 1,;0 conditions, in neutral solution, and at reasonably low temper-
Irradiation Time (min) atures. That is, the size and morphology of the nanosized
Figure 11. Photocatalytic activity of the samples in the presence of Procion €actants can dictate that of the corresponding nanosized
Red MX-5B: (a) blank control; (b) commercial anatase 7 {Blfa Aesar, products, an idea which has implications for nanoscale design

32 nm powder); (c) as-prepared anatase;Ti@noparticles; (d) as-prepared

anatase Tiowires. as well as for the probing of morphology-dependent properties

in nanomaterials. Moreover, the Ti@anoparticulate products

structure precursors, used to generate our titania nanostructuregve have isolated are single-crystalline, of the anatase phase,
were initially derived. and of satisfactory purity, without impurities arising from

The observed enhancement of photocatalytic activity, relative brookite or rutile, all of which are desirable characteristics for
to a commercial sample, may be related to an increase in surfacenanoparticles with potential applications in photocatalysis and
area as well as with a rise in anatase mass fraction andother chemical processes.
crystallinity 3° characteristic of our pure, as-prepared anatase
titania nanostructures. Moreover, an increased amount of Acknowledgment. Research (including facilities and person-
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