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Abstract: Layered titanate nanostructures offer promising photoelectronic properties that are subject to
surface chemistry-induced morphology changes. For a systematic evaluation of the bulk and surface
contributions to the photoactivity of these structures, we investigated their photoelectronic properties and
in particular their dependence on the condition of the gas-solid interface. We comprehensively explored
the stability of Na2Ti3O7 nanowires and scrolled up H2Ti3O7 nanotubes by means of transmission electron
microscopy, Raman, and FT-IR spectroscopy and subjected both titanate sheet-based structures to
controlled thermal activation treatment under high vacuum conditions. We found that throughout thermal
annealing up to T ) 870 K the structure and morphology of Na2Ti3O7 nanowires are retained. Consistent
with the significant photoluminescence emission that is attributed to radiative exciton annihilation in the
bulk, UV-induced charge separation is strongly suppressed in these structures. H2Ti3O7 nanotubes, however,
undergo transformation into elongated anatase nanocrystals during annealing at temperatures T g 670 K.
Photoexcitation experiments in O2 atmosphere reveal that these structures efficiently sustain the separation
of photogenerated charges. Trends in the abundance of trapped holes and scavenged electrons were
characterized quantitatively by tracking the concentration of paramagnetic O- and O2

- species with electron
paramagnetic resonance spectroscopy EPR, respectively. An incisive analysis of these results in comparison
to those obtained on airborne anatase nanocrystals underlines the critical role of surface composition and
structure on charge separation and, in consequence, on the chemical utilization of photogenerated charge
carriers.

Introduction

Advances in materials synthesis have made a large number
of particulate nanostructures available that display improved
uniformity in terms of size, structure, and morphology. Access
to such materials is essential for uncovering their intrinsic and
usableproperties,whicharelessaffectedbysampleheterogeneity.1-3

Beyond synthesis, the controlled integration of these structures
into larger functional devices represents a next challenge toward
their efficient utilization. For this purpose, nanoparticles need
to be processed, assembled, and immobilized, and related
procedures typically involve thermal activation steps.

Substantial efforts have been devoted to the synthesis of TiO2-
and TiO2-based materials mainly due to their great technological
potential for photovoltaic and photocatalytic applications.4-6

Many of these, spanning wastewater treatments, self-cleaning

surfaces, to water splitting photoelectrodes, share the fact that
the overall performance results from a combination of effects
that start with photoexcitation of the bulk and end with
interfacial charge transfer and chemical activation of molecules
at the particle surface. The large number of conflicting reports
concerning the activity of TiO2 based materials arises from the
fact that these materials were obtained by different synthesis
techniques, subjected to varying preactivation steps, and last
but not least characterized in very different chemical environ-
ments. A very recent study by Ryu and Choi7 revealed that the
“photocatalytic activity” of a particular TiO2 powder material
largely depends on the choice of the test reaction and that there
is no single and general figure of merit with respect to this
function. Thus, advances in the development of more efficient
materials rely on comprehensive characterization work that
addresses the fundamental processes contributing to the overall
photochemical reaction and focuses on their mutual interplay
to identify rate- and performance-determining factors. These,
in turn, critically depend on the fundamental particle bulk
properties composition, structure, and morphology, on the one
hand, and area and quality of the surface, on the other.8-12
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In the course of nanomaterials’ synthesis and characterization,
layered titanate nanostructures have attracted much attention
partly because of a huge variety of potential applications13-16

but also because of their intriguing structure and morphology
changes induced by surface chemistry.17 The materials have
become available in various morphological forms, with scrolled
up titanate nanotubes as the most prominent ones.13,14,18

Hydrothermal treatment of TiO2 powders in strong alkaline
aqueous solutions19 or their refluxing under atmospheric pres-
sures20 have been employed as a very simple production method.
Using hydrothermal synthesis, subtle changes in the synthesis
conditions were found to lead to marked differences in the
structural properties, and a more comprehensive examination
of the relationship between hydrothermal parameters, product
morphology, and phase has been reported only recently.21-24

Anatase-TiO2, lepidocrocite, and protonated titanates of the
H2Ti3O7 type are closely related from a structural point of view
andhavebeenproposedaspossibleconstituentsofnanotubes.25-27

In fact, spontaneous rearrangement from one form into the other
can easily occur and is expected to be driven by changes in the
local water partial pressure.28 In a foregoing study, we reported
on surface chemistry-induced morphology transformation of
layered titanate nanostructures and its effect on the photoelec-
tronic properties. There is a clear complementarity between
titanate morphologies that are associated with photolumines-
cence in conjunction with inhibited separation of photogenerated
charges and those with the opposite properties.29 Respective
trends as well as the branching ratio between radiative deactiva-
tion of photoexcited states,30 on the one hand, and their chemical
utilization, on the other, can easily be controlled by solution
chemistry. Because of the variety of related applications that

are based on gas solid interface effects,31,32 there is growing
need of surface science investigations on these structures.
However, to the best of our knowledge, there is hardly any
investigation that addresses the solid gas interface to date. This
may be reasoned in a number of complications, which arise
from the fact that nanomaterials basically are surface determined
solids requiring additional materials’ characterization work.
Addition or removal of solvent molecules to or from the surface
may cause substantial changes in structure and morphology.33

Considering this, we subjected titanate nanosheets either pro-
tonated and arranged as scrolled up H2Ti3O7 nanotubes,34,35 or
as flat Na2Ti3O7 nanowires where the stacked sheets contain
sodium ions in the interlayer region, to thermal activation
procedures in controlled gas atmospheres. Aiming at the
identification of material-specific factors that determine the fate
of photoexcited states, we carefully tracked phase and morphol-
ogy as a function of annealing temperature. Knowing these
fundamental materials’ properties, we employed FT-IR, pho-
toluminescence, and electron paramagnetic resonance (EPR)
spectroscopy to investigate the surface coverage with adsorbates,
on the one hand, and the photoelectronic properties associated
with the particular nanostructure, on the other. Special attention
has been paid to the quality of the surface, which critically
affects the trapping process of photogenerated charges.

Experimental Section

In a typical synthesis procedure, 5 g of commercial anatase
powder (Alfa Aesar no. 36199) was treated with 300 mL of 10 N
NaOH at T ) 380 K under reflux conditions for 48 h. The obtained
product will be referred to as Na2Ti3O7 titanate nanowires. A part
of the sample was treated with 0.1 N HCl four times to yield proton
exchanged titanate nanotubes (H2Ti3O7). Both samples were washed
with distilled water followed by drying at room temperature.

Transmission electron microscopy images were obtained using
a TECNAI F20 analytical microscope equipped with a S-Twin
objective lens and a field emission source operating at 200 kV.
Images were recorded with a Gatan 794 Multiscan CCD camera.

For EPR measurements, approximately 20 mg of the powder
sample is contained within a Suprasil quartz glass tube, which is
connected to an appropriate high vacuum pumping system providing
base pressures better than p ) 10-6 mbar. A 300 W Xe lamp (Oriel)
was employed as the UV source. The light beam was passed through
a water filter to exclude IR contributions from the excitation
spectrum. Light power was measured with a bolometer (Interna-
tional Light) and kept constant at 0.7 mW cm-2 (1015 photons s-1

cm2) for the wavelength range 200 nm e λ e 380 nm throughout
all experiments. X-band EPR measurements were performed with
a Bruker EMX 10/12 spectrometer using an ER 4102 ST standard
rectangular resonant cavity in the TE102 mode. Low-temperature
measurements were carried out with an ER 4131 VT variable
temperature accessory, which operates in the temperature range
between 90 and 300 K. The g values were determined on the basis
of a diphenylpyricylhydrazil (DPPH) standard.

A pulsed Xe discharge lamp served as the excitation light source
in a Perkin-Elmer LS 50B system for low-temperature photolumi-
nescence measurements. Measurements were carried out at 77 K
using a commercially available low-temperature luminescence
accessory where the sample cell was held by a high-purity copper
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rod that was immersed in liquid nitrogen. Room-temperature
excitation and emission spectra were acquired with a Fluorolog-3
FL322 spectrofluorometer equipped with double grating mono-
chromators (both at the excitation and at the emission side) and a
photodiode reference detector. A 450 W xenon lamp was used as
the excitation light source; the emitted light was detected by a
R928P (Hamamatsu) photomultiplier operating in photon counting
mode.

The nitrogen sorption isotherms were obtained at 77 K using an
adsorption porosimeter (Micromeritics ASAP 2020). The BET
surface area SBET was evaluated using adsorption data in a relative
pressure range p/p0 from 0.05 to 0.2. Raman spectra were obtained
with a microscope system (Horiba Jobin Yvon, LabRAM HR) using
a He-Ne laser (632.8 nm) for excitation. The Raman-scattered light
was collected at 180°, dispersed by an optical grid, and detected
by a CCD camera with a spectral resolution of 4 cm-1.

For transmission FT-IR spectroscopy, a high vacuum cell
developed by J. T. Yates Jr. and co-workers36,37 was used and for
this purpose aligned in the optical path of the IR beam of a Bruker
Tensor 27 spectrometer system. The resolution was 3 cm-1, and
200 interferogram scans were averaged to guarantee a reasonable
signal-to-noise ratio. Typically, 2 mg of powder sample was pressed
into a tungsten grid, which was then subsequently mounted in the
high vacuum cell that provides a base pressure p < 10-7 mbar.
This setup enables controlled sample annealing and sample
measurement at well-defined pressures in the range 10-7 mbar e p
e 103 mbar. Sample activation procedures were identical to those
related to photoluminescence and EPR measurements.

Results

Na2Ti3O7 nanowires obtained by reflux treatment of com-
mercial TiO2 anatase powders in aqueous NaOH solutions38,39

show a high aspect ratio with widths of about 50-100 nm and
lengths up to micrometers (Figure 1). Lattice fringes of 0.75 (
0.05 nm reveal the presence of stacked polyanion sheets, which
are made of interconnected [TiO6] octahedra (Figure 1a). Charge
neutrality within these complete structures is provided by Na+

ions in the interlayer region.30

H2Ti3O7, on the other hand, can be characterized as scrolled
up hollow structures with inner diameter of 12 nm, outer
diameter of 4 nm, and lengths of about 100 nm (Figures 1c and
2).30 Consistent with their smaller size, the respective material
has a specific surface area of 280 m2/g, which is by a factor of
2 larger than that related to the wires with SBET ) 130 m2/g.
For both materials, high-resolution transmission electron mi-
crographs reveal relatively smooth surfaces and parallel-oriented
lattice fringes with interlayer spacings of 0.75 ( 0.05 nm.

The investigation of the gas-solid interface requires elimina-
tion of surface adsorbates prior to the respective experiment.
Therefore, we subjected both types of nanostructures to anneal-
ing at temperatures in the range 298 Ke Te 870 K at pressures
p < 10-5 mbar. Transmission electron micrographs of nanowires
and nanotubes treated at T ) 470 K, T ) 670 K, and T ) 870
K clearly show that nanowires retain their morphology up to T
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Figure 1. Transmission electron micrographs of nanowires (a,b) and nanotubes (c,d) after vacuum annealing and subsequent reoxidation at T ) 470 K (a,c)
and T ) 870 K (b,d). Whereas Na2Ti3O7 nanowires retain their morphology throughout annealing up to T ) 870 K, protonated nanotubes transform into
massive rod-like structures at temperatures T g 670 K. Insets show selected area electron diffraction patters, which for the nanotubes indicate a structural
transformation from the trititanate phase into TiO2 anatase.
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) 870 K, while, starting at T ) 670 K, nanotubes are subject
to significant annealing-induced morphology changes. The
respective transformation is characterized by the collapse of
hollow structures upon formation of complete rod-like particles
with relatively flat surfaces (Figure 1d). We carried out electron
diffraction (Figure 1) as well as Raman spectroscopy measure-
ments (Figure 3) to track annealing-induced changes in structure.
For powder activation at T ) 470 K, both Na2Ti3O7 nanowires
and H2Ti3O7 nanotubes show Raman features that are consistent
with those of the trititanate structure.30,40 In the case of Na2Ti3O7

nanowires, the Raman spectra related to samples that were
gradually annealed at temperatures up to T ) 870 K (Figure 3b
and c) exhibit essentially no changes as compared to the situation
before annealing (Figure 3a). Only features of minor intensity
(see As in Figure 3c) can be observed for a powder that was
previously treated at T ) 870 K and point to the starting phase
transformation into TiO2 anatase. The respective situation is very
different for H2Ti3O7 nanotubes: structure and morphology of
these particles survive prolonged annealing (t e 5 h) at
temperatures below or equal to T ) 470 K. However, thermal
activation at T g 670 K induces phase transformation. In line
with the TEM data (Figure 1d), electron diffraction and Raman

spectroscopy indicate that the particle structure transforms from
the trititanate modification (Figures 1c and 3d) into the anatase
modification of TiO2 (Figures 1d and 3f). These fundamental
changes in the particle properties are also reflected by the
macroscopic changes: after annealing at T ) 670 K, the powder
volume of the nanotubes sample decreases to about one-third
of its original value.

In reducible oxides such as TiO2, vacuum treatment at
elevated temperatures is associated with lattice oxygen removal
and thermally induced substoichiometry.31 In the course of
oxygen depletion, the valence state of negatively charged O2-

lattice anions changes from -2 to zero upon formation of neutral
O species that then become removed from the solid. Associated
electrons remain either distributed over the particle in form of
conduction band electrons41 or localized at titanium ions in form
of paramagnetic Ti3+.42 The latter type of defect is accessible
to EPR spectroscopy (see Figure S3, Supporting Information),
and related concentrations were quantified for H2Ti3O7-x and
Na2Ti3O7-x powder samples. After annealing to T ) 670 K,
the spin concentrations amount to 400 and 7 µmol g-1 for

(40) Ma, R.; Fukuda, K.; Sasaki, T.; Osada, M.; Bando, Y. J. Phys. Chem.
B 2005, 109, 6210–6214.
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Thompson, T. L.; Yates, J. T. J. Phys. Chem. B 2005, 109, 6061–
6068.

(42) Berger, T.; Diwald, O.; Knözinger, E.; Napoli, F.; Chiesa, M.;
Giamello, E. Chem. Phys. 2007, 339, 138–145.

Figure 2. High-resolution transmission micrographs of H2Ti3O7 nanostructures of uniform tubular morphology and dimensions. The white arrow in the
left-hand image points to a nanotube, which is imaged in sectional top view and indicates its hollow structure.

Figure 3. Raman spectra of Na2Ti3O7 nanowires (a-c) and H2Ti3O7 nanotubes (d,e) after annealing to T ) 470 K, T ) 670 K, and T ) 870 K, respectively.
Whereas the nanowires retain their crystallographic structure over the entire temperature range, nanotubes transform into TiO2 anatase at sample activation
temperatures above T ) 670 K.
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H2Ti3O7-x and Na2Ti3O7-x, respectively. Thus, lattice oxygen
depletion is significantly facilitated in highly dispersed H2Ti3O7

nanotubes, which also undergo structural transformation. An-
other aspect related to lattice oxygen removal is that optical
absorptions in the range of visible light usually arise from the
concomitant electronic reduction of the solid (Figure S4,
Supporting Information). For the investigation of light-induced
processes, resulting optical self-absorption effects need to be
eliminated. Therefore, we subjected every sample type to oxygen
treatment at the respective temperature chosen during vacuum
annealing carried out before. Such a procedure effectively
bleaches out the color of the oxygen-deficient nanoparticle
powder, annihilates Ti3+ sites, and on this basis is believed to
restore stoichiometry.

Despite the significant difference in the concentration of
constitutional hydroxyls between Na2Ti3O7 titanate nanowires
and H2Ti3O7 nanotubes, we measured very similar absorption
spectra for the two types of samples (Figures 4 and S5,
Supporting Informations). For this reason, only the spectra
related to H2Ti3O7 nanotubes (Figure 4) will be discussed. The
top trace in Figure 4a corresponds to a survey spectrum acquired
from H2Ti3O7 nanotubes after annealing to T ) 470 K. It clearly
reveals the broad and unspecific absorption between 3600 and
2500 cm-1. This feature was also observed on Na2Ti3O7

nanowire samples and is indicative of the presence of H-bonded
hydroxyls. In addition, two distinct bands were observed at 3736
and 3650 cm-1, which are attributed to free and isolated
hydroxyls containing single and multiple coordinated oxygen
ions, respectively.43 After vacuum annealing and subsequent
reoxidation at T ) 670 K, the entire spectral range between
4000 and 1000 cm-1 is exempt of any significant IR absorption
band. Because the same is true for Na2Ti3O7 nanowires (see
Figure S5, Supporting Informations), we conclude that there is

no characteristic IR contribution of constitutional hydroxyls,
which are only specific to the H2Ti3O7 nanotubes. This either
may be due to their low relative abundance in comparison of
those at the outer surfaces of the respective nanostructures or
may be attributed to the low IR-activity of this type of hydroxyl
groups. Finally, we want to note that under the same experimental
conditions applied, we found that hydrogen-bonded neighboring
hydroxyls at the surface of airborne TiO2 nanocrystals41 exhibit a
significantly decreased thermal stability and can be entirely
eliminated by vacuum annealing at T ) 470 K.44

For the two types of layered titanate nanostructures, we found
a clear complementarity between the radiative deactivation of
photoexcited states and the concentration of paramagnetic
reaction products that originate from persistent charge separa-
tion.29 Na2Ti3O7 nanowires as well as scrolled-up H2Ti3O7

nanotubes display optical band gaps at identical positions, at
Ebg ) 3.2 eV.30 Substantial photoluminescence emission,
however, was only observed for Na2Ti3O7 nanowires: excitation
at hνEXC ) 4.4 eV (λEXC ) 282 nm) produces a photoemission
band centered around 2.5 ( 0.1 eV (500 nm)45 (Figure 5).

The associated excitation spectrum displays two maxima, one
at 3.0 eV, which is 0.2 eV below the measured absorption
threshold (UV diffuse reflectance), and a second one at 4.6 eV

(43) (a) Takeuchi, M.; Martra, G.; Coluccia, S.; Anpo, M. J. Phys. Chem.
C 2007, 111, 9811–9817. (b) Diwald, O.; Sterrer, M.; Knözinger, E.
Phys. Chem. Chem. Phys. 2002, 4, 2811–2817. (c) Knözinger, E.;
Jacob, K. H.; Singh, S.; Hofmann, P. Surf. Sci. 1993, 290, 388–402.

(44) Elser, M. J.; Berger, T.; Brandhuber, D.; Bernardi, J.; Diwald, O.;
Knözinger, E. J. Phys. Chem. B 2006, 110, 7605–7608.

(45) With regard to previous studies carried out in our laboratory, we used
for the present experiment a spectrometer system with a stronger light
source in conjunction with a significantly improved scattered light
suppression. On this basis, we were able to monitor substantial PL
emission from Na2Ti3O7 nanowires already at room temperature.

Figure 4. Transmission FT-IR spectra of H2Ti3O7 nanotubes after vacuum annealing at T ) 470 K (a), 670 K (b), and 870 K (c).

Figure 5. (a) Room-temperature photoluminescence emission spectrum of Na2Ti3O7 nanowires45 using excitation light of hνEXC ) 4.4 eV. Figure 5b shows
the corresponding excitation spectrum (PL) in comparison with the optical absorption curve (UV diffuse reflectance spectroscopy).30
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(Figure 5b). A systematic evaluation of the influence of thermal
activation on the photoluminescence emission properties (Figure
6) revealed for Na2Ti3O7 nanowires that the intensity of the
emission band at 2.5 ( 0.1 eV decreases considerably with
increasing annealing temperature: after activation at T ) 870
K, the respective value corresponds only to the half of that
related to the material after dehydration at T ) 470 K. In
agreement with a previous study,30 the emission properties were
found to be independent of the surrounding gas atmosphere,
that is, oxygen (p ) 10 mbar) or pressures below p < 10-5

mbar.
By means of electron paramagnetic resonance spectroscopy,

we employed the photogeneration of paramagnetic species46-48

for the quantification of persistently trapped charges.49 In a
typical experiment, the powder sample was exposed for a time
of t ) 2400 s to UV light of a constant flux of photons (1015

photons s-1 cm2 with photon energies hν g 3.2 eV). A
temperature of T ) 140 K was selected to keep UV-induced
heating effects constant50 and to also prevent O2 condensation
within the sample cell at the same time. Experiments were
carried out in a vacuum (p < 10-5 mbar) as well as in the
presence of molecular oxygen (p(O2) ) 7.0 mbar). Because of
the electron scavenging activity of molecular oxygen,41,49 the
latter procedure leads to the substantial enhancement in charge
separation by a factor of 2. While Na2Ti3O7 nanowires show a
negligible concentration of paramagnetic species, H2Ti3O7

nanotubes (Figure 7a) as well as anatase nanorods derived
therefrom (Figure 7c) clearly contain paramagnetic species, the
EPR parameters of which are consistent with those of oxygen
centered radicals (Table 1).

Depending on the temperature of annealing, we observed
profound changes in the EPR signals’ shape (Figure 7a-c),
which indicates that more than one type of oxygen radical

contributes to the overall feature. In fact, we found that the entire
set of experimental spectra can be decomposed into the
components of essentially two species,51 trapped holes (O-) as
well as adsorbed O2

- species that correspond to scavenged
electrons. As an example, the spectrum related to H2Ti3O7

nanotubes that were previously annealed to T ) 670 K (Figure
7b) shows a reasonably good agreement with the result of
spectrum simulation: on the basis of the parameters in Table 1,
the simulated single spectra e and f add up to the curve in Figure
7d, which is consistent with the respective experimental
spectrum in Figure 7b. While paramagnetic trapped hole centers
are essentially absent on material previously subjected to
annealing at T ) 470 K (note the good agreement between the
experimental curve in Figure 7a with the simulated powder
spectrum of O2

- anions in Figure 7f), there is roughly a 1:1
ratio between trapped holes (O-) and scavenged electrons (O2

-)
on H2Ti3O7 nanotubes that were previously annealed to T )
670 K. Furthermore, we learned that the O- radicals do
correspond to shallowly trapped hole centers because raising
the temperature from T ) 140 K to T ) 298 K leads to
annihilation of related signals, which is different from O2

- ions,
the related signal intensity of which remains unaffected after
such a step. Spectrum simulations were also carried out for the
experimental spectra in Figure 7a and c (see Supporting
Information). On the basis of a previously developed procedure
for the quantification of radicals that originate from photoin-
duced charge separation, we determined the yield of paramag-
netic species related to the various nanostructures obtained by
different annealing treatment prior to the spectroscopic experi-

(46) Che, M.; Tench, A. J. AdV. Catal. 1983, 32, 1–148.
(47) Anpo, M.; Che, M.; Fubini, B.; Garrone, E.; Giamello, E.; Paganini,

M. C. Top. Catal. 1999, 8, 189.
(48) Carter, E.; Carley, A. F.; Murphy, D. M. J. Phys. Chem. C 2007, 111,

10630–10638.
(49) Berger, T.; Sterrer, M.; Diwald, O.; Knözinger, E. ChemPhysChem

2005, 6, 2104–2112.
(50) Berger, T.; Diwald, O.; Knözinger, E.; Sterrer, M.; Yates, J. T. Phys.

Chem. Chem. Phys. 2006, 8, 1822–1826.

(51) As reported elsewhere, a paramagnetic defect at g ) 2.0031 is
additionally observed on samples that were preannealed at T ) 470
K. The EPR properties of this center are consistent with those of
electron centers identified in aggregated TiO2 nanocrystals. We expect
that the associated defect is located underneath the surface because
only limited interaction with paramagnetic O2 from the gas phase was
observed.

Figure 6. Photoluminescence emission intensities related to Na2Ti3O7

nanowires (upper curve) and H2Ti3O7 nanotubes (lower curve) as a function
of temperature of annealing, which was applied prior to spectroscopy. After
treatment at the indicated temperature and under high vacuum conditions
(p < 10-5 mbar), reoxidation with molecular oxygen was carried out to
exclude possible self-absorption effects (see Figure S4c, Supporting
Informations). The experimental data were corrected for changes in the
density of the powder contained in the sample cell. Consequently, the plotted
values correspond to identical quantities of sampled material. During
spectrum acquisition, the samples were kept at T ) 77 K.

Figure 7. EPR spectra after UV irradiation of nanotubes that were
previously annealed at T ) 470 K (a), T ) 670 K (b), and T ) 870 K (c).
The spectra related to nanotubes activated at T ) 670 K (b) can be simulated
by the addition of spectra for paramagnetic hole centers (O-) and scavenged
electrons in the form of superoxide anions (O2

-).

Table 1. g Parameters of Paramagnetic Oxygen Species (Figure
6e and f) Detected on H2Ti3O7 Nanotubes

g parameters

gzz gyy gxx

trapped hole: O- 2.0210 2.0135 2.0042
scavenged electron: O2

- 2.0198 2.0093 2.0033
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ment (Figure 8). The total number of paramagnetic species
remains constant within the experimental uncertainty ( 30%.
However, the ratio of the scavenged electrons to trapped holes
varies: whereas the relative abundance of O2

- radicals decreases
with annealing temperature, the relative abundance of O-

actually increases. For comparison with previous work, we also
included data from airborne anatase nanocrystals of highly
irregular shape and thus with particularly complex surface
structures.49 After UV exposure under conditions identical to
those applied to the titanate nanostructures, the measured
concentration of separated charges is by a factor of 4 higher.

Discussion

Structure and Morphology. Advances in the synthesis of
unsupported functional nanostructures2,8,12,52-54 have prompted
the investigation of size- and morphology-related physical and
chemical properties of solids. In this regard, it has been shown
that an ensemble of morphologically well-defined particles can
exhibit specific functional interface features, the concentration
of which is negligibly small in macroscopic systems.55-57

Structurally, Na2Ti3O7 nanowires and H2Ti3O7 nanotubes are
composed of two-dimensional titanate nanosheets,25-27,58 which
either form scrolled up and open ended nanotubes or exist as
flat structures such as Na2Ti3O7 nanoribbons and wires.14,19,30

Because of their high dispersion, the structure and morphology
of these materials are subject to the condition of the surface.
Consequently, annealing-induced dehydration and dehydroxy-
lation (Figure 4) plays a critical role. Vittadini et al.28 predicted
on the basis of periodic density functional calculations that water

adsorption converts lepidocrocite nanosheets either into stepped
protonated titanates27 or into hydroxylated nanosheets of
delaminated anatase.59,60 Apart from the fact that hydration and
hydroxylation determines the intrinsic stability of the nanosheet,
it also affects interlayer interactions and, thus, the curvature of
the titanate layers.61 In the course of the present study, we
learned that Na2Ti3O7 nanowires retain their structure and
morphology over the entire temperature range explored, that
is, 470 K e T e 870 K. H2Ti3O7 nanotubes, however, are
susceptible to facilitated lattice oxygen depletion (Figure S3,
Supporting Information) and transform above T ) 670 K into
complete rod-like structures (Figure 1d). Related changes are
induced by water elimination and occur in conjunction with the
phase transformation of the solid (Figures 1d and 3e,f). The
resulting TiO2 nanorods adopt the anatase structure and display
high aspect ratios.35,62,63 A mechanism that rationalizes the
respective annealing-induced transformation has been proposed
by Morgado et al.64 Progressing dehydration initiates the
shrinkage of the average interlayer distance between the titanate
nanosheets and induces a topotactic structural condensation
process,64 in the course of which the [TiO6] octahedra that
constitute the titanate nanosheets shift to positions consistent
with those of the anatase phase. Apart from the high aspect
ratio, vacuum-annealed anatase nanorods show relatively smooth
surfaces (Figure 1d, right image). These observations are
reminiscent of studies23,58 where the preferential elongation of
anatase structures in the anatase [001] direction was reported
for samples that were derived from hydrothermal treatment and
subjected to acidic conditions thereafter. The zigzag configu-
ration of the edge-sharing [TiO6] octahedra comprising the
nanotube walls structurally resembles the (100) planes of the
TiO2 anatase modification.25,26 In summary, the annealing-
induced tube-to-rod transformation that starts with scrolled up
H2Ti3O7 sheets and ends with the emergence of TiO2 anatase
nanorods is driven by dehydration and proceeds via the stepwise
contraction of the interlayer distance between the titanate
nanosheets. On the other hand, morphology and structure of
Na2Ti3O7 nanowires survive vacuum annealing up to temper-
atures of T ) 870 K.

Excitonic Properties of the Nanostructures’ Bulk. The pho-
toelectronic properties of Na2Ti3O7 nanowires and H2Ti3O7

nanotubes clearly underline how the solids’ morphology affects
the nature and dynamics of the electronic excitation. With
respect to the absorption threshold, the UV diffuse reflectance
spectra of TiO2 anatase particles as well as those of the titanate
nanostructures are identical,30 an observation which is in line
with theoretical predictions.65 With regard to photoluminescence,
the respective properties of Na2Ti3O7 nanowires are character-

(52) Li, G. H.; Ciston, S.; Saponjic, Z. V.; Chen, L.; Dimitrijevic, N. M.;
Rajh, T.; Gray, K. A. J. Catal. 2008, 253, 105–110.

(53) Dimitrijevic, N. M.; Saponjic, Z. V.; Rabatic, B. M.; Poluektov, O. G.;
Rajh, T. J. Phys. Chem. C 2007, 111, 14597–14601.
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D’Arienzo, M.; Musinu, A.; Polizzi, S.; Sommariva, M.; Testino, A.;
Morazzoni, F. Chem. Mater. 2008, 20, 4051–4061.
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(60) Mogilevsky, G.; Chen, Q.; Kleinhammes, A.; Wu, Y. Chem. Phys.
Lett. 2008, 480, 517–520.

(61) One part of the controversy concerning the structural properties of
this interesting class of material is related to the fact that adsorption
of water and other species as well as the nature of the interface in
general (solid-gas versus solid-liquid) determine structure and
morphology. Changing the solvent or sample transfer into the vacuum
chamber of a transmission electron microscope may critically affect
these properties, and corresponding procedures require careful
documentation.

(62) Tsai, C. C.; Teng, H. Chem. Mater. 2004, 16, 4352–4358.
(63) Thorne, A.; Kruth, A.; Tunstall, D.; Irvine, J. T. S.; Zhou, W. Z. J.

Phys. Chem. B 2005, 109, 5439–5444.
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Figure 8. Quantification of paramagnetic species isolated after UV-induced
charge separation on titanate nanotubes, anatase nanorods, and essentially
spherical anatase nanocrystals. The latter powder material consists of anatase
nanoparticles with an extremely narrow size distribution, which were
obtained by metal organic chemical vapor deposition as a solvent-free
synthesis technique.41
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ized by an emission band at hν ) 2.5 ( 0.1 eV (Figure 5a),
which was also observed on related K2Ti3O7 structures as well
as on the anatase particles.30 We attribute this effect to trapped
excitons within the [TiO6] units.66-70 The PL excitation
spectrum in Figure 5b shows that a photon energy of 3.0 eV is
sufficient for the generation of excitons, the energy of which is
smaller than the optical bandgap by the free exciton binding
energy of 0.2 eV (Figure 5b). As schematized in Figure 9a,
after photoexcitation, the subsequent step of exciton trapping
is associated with an energy decrease by 0.5 eV. Finally, the
radiative annihilation step produces photoluminescence emission
light, which peaks at hν ) 2.5 ( 0.1 eV.

We checked for surface-related effects on photoluminescence
emission and changed the sample atmosphere from high vacuum
at pressures p < 10-5 mbar to gaseous oxygen (10 mbar), a
procedure that, in case of surface photoluminescence effects,
leads to quenching:71 irrespective of the high surface-to-volume-
ratios of the materials investigated, no intensity changes were
observed. Consequently, exciton formation and its radiative
annihilation do not respond to changes at the surface of the
respective nanostructure and must be ascribed to the bulk of
the material. As a feature of excitons, the spatial extent of the
excited state is determined by electronic coupling among the
repeat units making up the material.72 In the case of TiO2-based
structures, the excitonic properties depend on the [TiO6]
octahedron’s coordination state within the crystal structure, and
there is general agreement about the fact that the formation of
trapped excitons is favored in structures with lower coordination
numbers of the repeat units. Such a situation applies more for
Na2Ti3O7 nanowires as compared to TiO2 anatase (Figure 9).73,74

We observed a substantial depletion of PL emission on Na2Ti3O7

samples that were activated at higher temperatures prior to PL
measurements and believe that the annealing procedures, carried

out under vacuum conditions and subsequently in oxygen atmo-
sphere, are associated with a loss in periodicity of the [TiO6]
subunits, which enhances the nonradiative deactivation pathway.
In fact, Raman spectra related to annealed Na2Ti3O7 nanowires
(Figure 3) evidence that a small fraction of the material has been
transformed into anatase, indicating a reduction and thus a
substantial modification of the interlayer region, which expectedly
becomes depleted of Na+ ions.

On the other hand, the position and binding state of the
protons within the interlayer region of scrolled-up H2Ti3O7

nanotubes are different from those of the alkali ions.75 The
distortion of the protonated octahedron30 is expected to suppress
the path of trapped exciton formation and annihilation (Figure
5). Therefore, photons with energies equal to or larger than the
optical bandgap hν > 3.2 eV produce free charge carriers
(Figure 9b) instead of excitons (Figure 9a). Charge separation
is additionally favored because titanate nanotubes represent
curved structures where elastic strain gradients can generate
electric polarization of the lattice.76 Related fields exert a force
on the electron and the hole separately and facilitate charge
separation and interfacial electron transfer to surface adsorbed
O2. Molecular oxygen, in turn, promotes the efficiency of charge
separation in comparison to the corresponding situation under
vacuum by a factor of 2, an observation that emphasizes the
important role of the interface in the overall photochemical
reaction.49 On H2Ti3O7 nanotubes and the anatase nanorods
derived therefrom (Figure 8), we observed two major trends:
first, on hydroxylated nanotubes, trapped hole centers escape
EPR detection (Figure 7a and f). This is attributed to constitu-
tional OH groups present at the interfaces of the curved titanate
nanosheets. We expect that these hydroxyls mediate the
transformation of trapped holes into diamagnetic products via
short-lived OH · radicals as intermediates.77,78 Second, surface
adsorbed O2

- ions that can be probed with EPR spectroscopy
after photoexcitation can be efficiently stabilized at OH covered
oxide surfaces (Figure 4).79 As a consequence of annealing at
elevated temperatures, surface hydroxyls become depleted
(Figure 4), and the surface areas of the respective nanostructures
become reduced as well. In terms of the spectroscopic finger-
prints of trapped charge carriers, we found that the abundance
of adsorbed O2

- ions is relatively diminished as compared to
that of trapped holes (O- radicals), which increases. After
annealing of the material to T ) 870 K, the transformation of
H2Ti3O7 nanotubes into TiO2 anatase nanorods is completed
(Figures 1d and 3f). On these structures, the concentration of
scavenged electrons turns out to be below that of O- radicals,
representing the positively charged counterparts. In addition,
the overall yield of separated charges corresponds to only a
quarter of that measured for TiO2 anatase nanocrystals grown
by metal organic chemical vapor deposition (Figure 8).49 To
rationalize this diminished yield of separated charges, one has
to take into account that H2Ti3O7 nanotubes contain a residual
amount of Na+ ions (∼3 at. %) that remains after surface(65) Enyashin, A. N.; Seifert, G. Phys. Status Solidi B 2005, 242, 1361–

1370.
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Figure 9. Simplified energy level diagrams that illustrate the UV light-
induced processes of radiative exciton annihilation (a) that take action in
Na2Ti3O7 nanowires, on the one hand, and the formation of electron-hole
pairs (b) that become dissociated by local fields in scrolled up H2Ti3O7

nanotubes upon free charge carrier generation, on the other.
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chemistry-induced transformation of Na2Ti3O7 nanowires into
H2Ti3O7 nanotubes.29 Such remnants still act as impurities that
facilitate the radiative deactivation of photoexcited states and
thus substantially decrease the yield of separated charges (Figure
8).

Figure 10 compares electron microscopy data between
airborne anatase nanocrystals obtained by metal organic chemi-
cal vapor deposition (MOCVD) and morphologically better
defined anatase nanorods derived from vacuum-annealed
H2Ti3O7 nanotubes. Fundamental particle properties of the
surface dehydroxylated powders are specified in Table 2. Despite
comparable dispersion and lateral particle extension, the as-
sociated surface structures are very different on the nanoscale.
The irregular morphology of MOCVD grown particles is clearly
demonstrated by the high-resolution electron microscopy image
in the left panel of Figure 10. They lack any type of surface
faceting, which points to high structural disorder at the inter-
face.80 However, TiO2 anatase nanorods exhibit a high concen-
tration of flat surface regions, which presumably correspond to
anatase (100) faces.25,26 On these structures, the measured
amount of trapped hole centers O- ions does not have a
corresponding concentration of their electronic counterpart, that
is, scavenged electrons. The absence of the latter species must
be attributed to the strongly reduced number of low coordinated
surface Ti cations that qualify for O2

- stabilization.46,47 The

enhanced charge separation reached by UV exposure in the
presence of gaseous O2 in combination with different O2

- yields
determined on TiO2 nanostructures with different levels of
surface defectivity clearly underlines the critical role of the
interface the respective nanostructure shares with the gasphase.
In summary, whereas the deactivation of photoexcited states in
Na2Ti3O7 nanowires is subject to the bulk, charge separation as
well as the fate of photogenerated charge carriers are determined
by the interface properties of the respective nanostructure.
Finally, it is interesting to look at the concentrations of separated
charges as plotted in Table 2 in the context of materials
quantities used. Typical sample masses for various types of
spectroscopy experiments correspond to approximately 20 mg.
Considering that the MOCVD anatase particles used exhibit a
particularly narrow size distribution with an average particle
size of 13 nm and the fact that hole centers are exclusively
trapped at the particle surface,41,49 we conclude that only a
fraction of 10-4 surface atoms is involved in persistent charge
trapping as evidenced in the present study. Similar experiments
with micrometer-sized particles having surface areas below 1
m2 g-1 would require several grams of sample. The fact that
such quantities cannot be reliably sampled with molecular
spectroscopy techniques anymore points to the importance of
nanomaterials with associated high surface-to-volume ratios for
the spectroscopic investigation of oxide particle surfaces.

Conclusions

We comprehensively explored the photolectronic properties
of various forms of TiO2-based nanostructures, that is, H2Ti3O7

nanotubes and Na2Ti3O7 nanowires obtained by solution-based
synthesis as well as different types of TiO2 anatase nanocrystals,
and evaluated the relative contribution of composition and
structure of bulk and surface on the branching between chemical
utilization of photogenerated charges and the annihilation of
photoexcited states. While photoluminescence was found to be
entirely a bulk process, trapping and interfacial transfer of
photogenerated charges clearly depends on the condition of the
interface. Considering the complexity of the function “photo-
catalytic activity” with respect to the performance of nanopar-
ticle powders, the presented quantitative assessment points to
ways to differentiate between material specific determinants and
thus provides a methodological benchmark for a more effective
and comparable characterization of new materials’ photoactivities.
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(80) For reasons of feasibility, it is beyond the scope of the present study
to estimate the level of surface defectivity in terms of low coordinated
surface sites and other types of point defects on the basis of HR-
TEM data.

Figure 10. Transmission electron micrographs of anatase nanocrystals
grown by metal organic chemical vapor deposition (left panel) and anatase
nanorods derived from vacuum-annealed titanate nanotubes (right panel).

Table 2. Fundamental Particle Properties, Particle Ensemble
Characteristics, and Charge Separation Yields Related to Anatase
Nanocrystals and Anatase Nanorods Described by Figure 9a

anatase nanocrystals anatase nanorods

SBET/m2 g-1 130 ( 10 77 ( 10
dparticle/nm 13 ( 2 16 ( 5
Lparticle/nm 13 ( 2 100 ( 40
aspect ratio 1 ( 0 6 ( 3
O-/µmol g-1 4 ( 2 1 ( 1
O2

-/µmol g-1 4 ( 2 0.4 ( 0
O-/nmol m-2 31 ( 10 15 ( 7
O2

-/nmol m-2 31 ( 10 5 ( 2

a The respective numbers are juxtaposed for the sake of comparison.
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