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ABSTRACT

The photoelectronic properties of layered titanate nanostructures can be adjusted by changing the nature and bonding state of ions in the

interlayer region. We studied the optical properties of titanate nanowires and nanotubes obtained after soft-chemical treatment of TiO , anatase
powders. A photoluminescence emission process originating from exciton states trapped in [TiO 6] units was observed in anatase TiO , and,
with significantly enhanced intensity, in nanowires made of titanate nanosheets. On the basis of a correlation between emission intensity and

the concentration of intercalated alkali ions, we conclude that protonation of the [TiO ¢] octahedra that constitute the titanate sheet structure
suppresses radiative deactivation of trapped excitons and can be reversed by ion exchange.

Oxide nanotubes, wires, and rods constitute a promising newConsequently, the nature and location of charge-trapping sites
class of materials having uniform dimensions and well- and recombination centers are critical to the rational im-
developed morphologiésin particular, TiQ-based nano-  provement of device efficiencies and, for this reason, have
tubes and wires have attracted much attention because of @ be identified.

broad spectrum of potential applications: with lengths of A major advantage of Ti@based nanostructures is their
several hundreds of nanometers, they show superior electroneasy and cheap productidhSince the first reports on the
transport properties in dye-sensitized solar cellBurther-  syccessful synthesis of titanate nanotu3esxtensive re-
more, highly ordered nanotube arrays photocleave water intosearch has been carried out to identify their structure and to
hydrogen and oxygen with higher rates compared to other g|ycidate the underlying formation mechanism. Through the
titania-based deviceésAlso, for electrochemical applications  soft-chemistry route, bulk titanates exfoliate into monolayer
such as in sensors and batteries, titanate nanostructures argheets that are composed of edge-sharingd[léGtahedra?

of considerable interest: their morphology was found to be Assembled as multilayers, these nanosheets provide the
beneficial for the electrochemical insertion and extraction stryctural basis for both massive titanate nanowires as well
of Li™ ions, which gives rise to enhanced discharge rates gg hollow titanate nanotubes. As a consequence of their size,
under high reversibility. As a support matrix for proteins, titanate nanostructures are surface-determined materials and

these materials show potential for a new generation of scroll-up into tubes is induced by changes of the solvent's
biosensor$.Last but not least, laser action and photolumi- py 14-17

nescence-related applications have been put forward because For a rational description of the optical properties of
strong photoluminescence emission in the visible light region
has been observed!® All of these applications have in
common that Ti@-based nanostructures provide a confined
solid medium where charged species, holes, and eleetrons
either photogenerated within the bulk or injected from
adsorbed speciesan migrate, can recombine, or can finally
leave the structure in the course of a surface reaction.

titanate nanowires and nanotubes, it is necessary to (a)
compare them with those of the precursor material and (b)
carefully address their variation in the course of chemistry-
induced structure and morphology changes.

The transmission electron micrograph in Figure 1a char-
acterizes the Ti@precursor material (Alfa Aesar no. 36199)
consisting of anatase particles with diameters up to 300 nm.
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Figure 1. TEM images of commercial TiQanatase grains (a) that were treated in alkaline aqueous solutions under Teftugg0 K)

for 48 h (b—d). The images in parts 1b and c characterize the product after 48 h in 10 N NaOH solution, whereas parts d and e illustrate

the corresponding situation when KOH was used instead of NaOH as a base. A TECNAI F20 analytical transmission electron microscope
equipped with a field emission source and a S-Twin objective lens was used. Images were recorded with a Gatan 794 Multiscan camera.

Raman

and have diameters between 10 and 100 nm. A typical high-
resolution image in Figure 1c reveals their relatively smooth
surfaces. Parallel-oriented fringes indicate a layered structure
with interlayer spacings of 7.%& 0.7 A consistent withtlozo
spacings of titanate structures reported by otkerEhe
situation was different when the same treatmént @8 h)

was carried out with KOH instead of NaOH as the base
(Figure 1d and e): only a fraction of the precursor material
was transformed into wires of significantly larger diameters.
A closer look at a comparatively thin wire that provides
sufficient transparency for electrons for high resolution is
given in Figure 1le and reveals a layered structure with Figure 2. Raman spectra of (a) Tianatase grains, (b) Na-titanate,

spacings identical to those observed for Na-titanates (Figure2"d (¢) @ mixture of K-titanate and the Ti@natase precursor.
The spectra were obtained with a Raman microscope system (Horiba

1(_:)' The KOH-.derived wires _are homogeneOL{st cove_red Jobin Yvon, LabRAM HR) using a HeNe laser (632.8 nm) for

with small particles, the chemical nature of which remains excitation. The Raman-scattered light was collected at°,180

unidentified so far. dispersed by an optical grid and detected by a CCD camera with a
Raman spectroscopy was employed for further structural spectral resolution of 4 cm.

characterization of the materials. The spectrum of the, TiO

precursor in Figure 2a shows lattice vibrations at 399, 519, to the anatase-related bands, two small features (indicated

and 639 cm! characteristic for anatas&In contrast, the by arrows in Figure 2c) attributed to the presence of

NaOH-treated sample (images in Figure 1b and c) lacks theseK-titanate?! This is consistent with TEM (Figure 1d), which

bands and shows others at 273 and 288'ams well as bands  reveals that only a small fraction of anatase was transformed

at 445, 660, 701, and 904 cin(Figure 2b). All of them are  into K-titanate nanowires after 48 h.

consistent with the Raman data reported for titanate sheets. The UV diffuse reflectance spectra of Ti@natase, as

However, the Raman spectrum of a sample that was treatedvell as that of the NaOH- and KOH-treated samples (see

for 48 h in an aqueous KOH solution contains, in addition TEM images in Figures 1b and d, respectively) were found
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Figure 4. Photoluminescence emission bands related to Na-titanate
Figure 3. Optical properties of TiQanatase particles and derived nanowires after production and after-3 ion ion exchange steps
titanate nanostructures. (a) UV diffuse reflectance spectrum of With 0.1 N HCI. The spectra were acquired at 77 K using 4.4 eV
nanostructured Na-titanate acquired at room temperature and (b)excitation light. The right-hand panel of Figure 4 shows the
photoluminescence emission spectra of Jé@atase (i), nanostruc-  correlation between the intensity of the emission band at 2.4 eV
tured Na-titanate (ii), and K-titanate (iii), which were measured at and the Na/Ti ratio as measured with EDX using a JSM-T330A
77 K using 4.4 eV excitation light. The emission spectra were not scanning electron microscope equipped with a SUTW energy
normalized with respect to comparable powder densities in the dispersive X-ray detector.
optical cell. Because the powder density of the precursor material
(curve i) was twice as high as those related to the titanate
nanostructures the band of the normalized spectrum i would show correlation between the integral band intensity and the alkali/
half of the intensity plot.ted. The smallfeature indica’ged by atriangle titanium ratio is demonstrated for Na-titanate in the right-
corresponds to an artifact that arises from scattering effects. hand panel of Figure 4.

Alkali ion exchange against protons for sodium ions has,
to be identical. The absorption spectrum of the Na-titanate apart from changes in photoluminescence emission, another
(Figure 3a) displays an absorption edge at 3.2 eV. lIts spectacular effect on the sample properties: it transforms
coincidence with that of bulk anatase has been predicted bymassive nanowires into tub&s'*15A transmission electron
a recent theoretical study which shows that, irrespective of micrograph of a sample that was subjected to one ion
the nanostructure morphology (nanotubes with different exchange step is shown in Figure BaOne can clearly
numbers of walls, nanostrips, and belts), the band gapobserve two qualitatively different nanostructures. Although
approaches the value of the related bulk material for the major fraction consists of massive nanowires (Figure 1b
dimensions larger than 3 nfAVisible photoluminescence  and c), a minor onemarked with an arrow in Figure 5a
is observed in the anatase powdefTat 77 K (Figure 3b has already been transformed into nanotubes. A sample that
curve i). The emission band has a maximum at 2.4 eV and was subjected to five ion exchange steps has been completely
is detectable only at temperatures below 298 K because oftransformed into nanotubes having uniform inner and outer
thermal quenching of the underlying radiative deactivation diameters of about 4 and 10 nm, respectively. Their lengths
process at this temperature. Significantly enhanced intensitiesange from 50 to several hundred nanometers. HRTEM
for the same band were measured for both Na- andimages (Figure 5b) reveal that the tubes exhibit a layered
K-titanate-containing samples (Figure 3b ii and iii, respec- structure identical to that of the massive titanate nanowires
tively). Additional experiments were carried out under high (Figure 1c and d) and are open at both ends. Raman spectra
vacuum conditionsg < 10°5 mbar) in order to search for  obtained on proton-exchanged samples (not shown) show
surface-related effects: no changes were observed before anthe same bands as those observed for tilanate nanowires
after partial surface dehydration carried out by vacuum (Figure 2b). We therefore conclude that titanate nanosheets
treatment at 470 K. The same is true when the experimentremain the building block irrespective of morphology
is carried out in the presence of molecular oxygen, which changes induced by their protonation.
efficiently quenches surface photoluminescence efféttte Subsequent contact of protonated titanate nanotubes with
therefore conclude that the respective radiative deactivationa NaOH or KOH solution replaces protons by alkali ions
step occurs in the bulk and does not respond to changes atind yields unscrolled titanate sheBt&:1415This process and
the surface despite the high surface-to-volume ratio of the in particular its reversibility can be tracked by photolumi-
material. nescence spectroscopy as well. Figure 6 shows the emission

Treatment of layered titanate nanostructures with HCI and spectra of Na-titanate (a) after production, (b) after multiple
subsequent washing with deionized water causes sodium iorion exchange steps using 0.1 N HCI, and (c) after one re-
replacement by protons and can be tracked by photolumi- exchange step in aqueous NaOH solution (10 N). As a
nescence measurements as well. Figure 4 (left panel) showsonsequence of HCI treatment, the intensity of the emission
the photoluminescence emission spectrum of the as-producedband at 2.4 eV has decreased to one-fifth of its initial value
sample (directly after alkaline treatment) in comparison to (Figure 6b). One re-exchange step at room temperature using
those of samples that were subjected teblsteps of HCI an aqueous NaOH solution (Figure 6b) almost restores the
treatmeng* Clearly, the intensity of the emission band intensity of the emission band (Figure 6c¢) to its initial value
decreases with the number of ion exchange steps and gFigure 6a).
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Figure 5. TEM images of titanate nanostructures (a) after one ion exchange step and (b) after five ion exchange steps with 0.1 N HCI.
Two different material qualities can clearly be deduced from Figure 5a (massive titanate nanowires, on one hand, and titanate nanotubes
indicated by an arrow, on the other). Figure 5b corresponds to a typical micrograph of the material after complete conversion into tubes.

Photoluminescence Support for the existence of trapped excitons in anatase and

hvge= 4.4 eV their absence in rutile stems from optical absorption studies
T= 77K on TiO; single crystals: in contrast to rutile, the Urbach-
type behavior of the fundamental absorption edge of anatase
indicates exciton localization mediated by phonon interac-
b ,/\,; tion 31

On the basis of the above-mentioned studies and the fact
that the 2.4 eV emission is observed in the anatase precursor
as material as well as in Na- and K-containing titanates, we
10 20 30 40 5C ascribe the respective emission to the radiative deactivation
of excitons trapped within the [Ti§units. A closer look at
the atomic structure of the titanate nanosheets is helpful to
Figure 6. Photoluminescence emission of (a) Na-Titanate, (b) the rationalize why the exchange of intercalated alkali ions’(Na
oty ahe o e nchans i iRy e O K1) Wit proons leads 1o substanial depleton o
HCI-inducéd decrease of photoluminescence intensity is aimostphotolumlnespence 'emlss'lon. Zha”g etal. mve;ngated the
reobtained after subsequent NaOH treatment. relaxed atomic configurations of NE3;O; and HTis07.%
Both structures are made of [T§Poctahedra with shared

On TiO, and various titanates, visible luminescence ©d9es and corners (Figure 7).
emission around 2.4 eV has been reported by different groups The positions and bonding states of alkali ions and protons,
and has uniformly been attributed to an electronic transition however, are very different. Nebeing placed in the middle
that is associated with the [TiPoctahedron as the basic between the titanate layers has a distance of more than 2 A
structural unit and therefore of very local charaée?® In from the next oxygen ion. Therefore, alkali ions located
TiO,, two competing emission processes can result from between the negatively charged titanate sheets are weakly
photoexcitatior?? One is characterized by exciton localization bonded and represent mobile species. Conversely, the
where the excited state induces local distortion of the fJiO distance between a proton and an octahedral oxygen ion is
octahedron. The energy of such trapped exciton states iswith 1 A significantly shorter and implies chemical bonding.
lowered by the amount of lattice relaxation enefg)A Furthermore, theory predicts that protonation of the EJiO
second process is based on intersite exciton transfer and givesnit partially transfers electron density from the-0 moiety
rise to free exciton emission. The excitonic properties of to the O-H bond and causes the increase of an adjacent
TiO,-based materials depend on the particular environmentTi—O bond lengtt#? The resulting structural distortion of
of the [TiOg] octahedron, that is, its coordination state within the protonated octahedron (right-hand side of Figure 7) is
the crystal structure. In rutile as the more dense structure,proposed to change the potential energy surface in such a
the [TiOg] octahedron has a higher coordination number (cn way that the excited state does not localize inside §JiO
= 10) than in anatase (en 8) or in the related titanates (cn  anymore and photoluminescence emission does not appear.
<8) and, concomitantly, free exciton emission prevéils. Alkali ion insertion into the interlayer region induces

Intensity /a.u.

Photon Energy / eV
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Figure 7. Scheme of reversible ion exchange within layered titanate

units. These results are not only important for photocatalytic
and electrochemical applications that are limited by charge-
carrier recombination. They also open up synthetic venues
for the chemical control of photoelectronic properties of
layered oxide-based nanostructures.
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