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Morphology changes induced by surface chemistry can
provide important insights into photoexcitation processes on
solids which are critical to photovoltaic and photocatalytic
applications.[1–3] This area is of particular relevance for TiO2-
based nanomaterials, which have become available as sheets,
wires, tubes, and rods only recently.[4–8] We investigated
charge-separation processes on Na2Ti3O7 nanowires and
scrolled-up H2Ti3O7 nanotubes, two types of morphologies
which can reversibly be transformed into each other by acid/
base treatment. A complementarity between efficient charge
separation and the radiative recombination of photoexcited
states clearly demonstrates that morphology and interlayer
composition have a critical influence on the photoelectronic
properties of layered oxide nanostructures.

Layered transition-metal oxide structures can be de-
scribed as stacked polyanion sheets of interconnected
[MO6]

n� octahedra with intercalated cations in the interlayer
region.[9] While the negatively charged metal oxide sheet
exhibits strong intrasheet covalent bonds, those between the
sheets are actually relatively weak. For this reason, surface
chemistry can induce sheet exfoliation[5,6] upon formation of
two-dimensional solids with sometimes unexpected proper-
ties, such as strongly enhanced acidity[10] or surface structures
that do not exist in corresponding three-dimensional com-
pounds.[11–13] Phenomena that prevail on anisotropic and
morphologically well-defined nanostructures have become
accessible for exploration thanks to recent advances in
materials chemistry.[14–19]

For the production of Na2Ti3O7 nanowires like those
shown in Figure 1a, we heated commercial TiO2 (Alfa Aesar
no. 36199) in an aqueous solution of 10n NaOH at reflux
(380 K).[6,19,20] With lengths of several hundreds of nano- meters, Na2Ti3O7 nanowires represent layered and massive

structures with diameters between 10 and 100 nm. Corre-
sponding Raman spectra show only bands that are consistent
with those reported for titanate nanostructures.[19,21] High-
resolution transmission electronmicrographs reveal relatively
smooth surfaces and parallel-oriented lattice fringes with
interlayer spacings of 7.5� 0.7 9 (Figure S1b in the
Supporting Information).[19]

Inconsistent with other reports,[22,23] acidic treatment of
nanowires was essential in our work for their transformation
into tubes. Washing Na2Ti3O7 nanowires with 0.1n HCl causes
replacement of the sodium ions by protons and, at the same
time, produces much smaller structures than nanowires (for
comparison, Figure 1b characterizes a sample in which both
qualities are present). Figure 1c shows a typical high-reso-
lution image of scrolled and multiwalled H2Ti3O7 nanotubes
with approximately 4 and 12 nm as inner and outer diameters,
respectively. As a major result of this study, we found that the
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Figure 1. Low-magnification TEM images of Na2Ti3O7 nanowires (a)
generated by treatment of TiO2 powders in aqueous NaOH solution
(SBET=131 m2g�1). Washing these nanowires with 0.1n HCl trans-
forms them into much smaller H2Ti3O7 nanotubes (b and c), which
gives rise to significantly enhanced specific surface areas
(SBET=280 m2g�1). After contact with 10n NaOH, H2Ti3O7 nanotubes
disappear upon regeneration of massive titanate nanowires (d), a
process which is accompanied by a significant decrease of specific
surface area to 83 m2g�1.
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room-temperature conversion of larger-sized wires for which
the corresponding powder exhibits a specific surface area of
SBET= 131 m2g�1 into highly dispersed H2Ti3O7 nanotubes
with SBET= 280 m2g�1 can be reversed.[24] Suspension of
nanotubes in 10n NaOH solution generates nanowires
(Figure 1d, and Figure S2 in the Supporting Information)
which—in terms of structure and morphology—are identical
to those characterized in Figure 1a. With TEM, we also
observed unscrolled nanosheet remnants as well as details of
the attachment of exfoliated sheets to larger nanowire
fragments (Figure S2 in the Supporting Information). It is
important to note that for both types of morphologies
investigated, wires and tubes, the Raman spectra revealed
bands that are consistent with layered NaxH2�xTi3O7 titanate
structures (Figure S3 in the Supporting Information).[21,25]

The surface chemistry induced transformation of larger-
sized titanate wires into nanotubes and its reversal[6,26] are
explained by means of Figure 2. Acid treatment of titanate
wires induces delamination into sheets, which then scroll up
and form multiwalled nanotubes. The delamination process is
driven by the concentration gradient of H+ or Na+ ions
perpendicular to the outermost titanate layer.[6,27] The limiting
radius of the titanate nanotubes and thus the morphological
uniformity observed are ascribed to the balance between the
difference in surface energy and the lattice strain induced by
bending.[4,6,27] Theoretical calculations have predicted the
protonation-induced distortion of the TiO6 units from octahe-
dral geometry.[27] This effect is reversed when protons are
replaced by more weakly bonded Na+ ions. As a consequence
of such a change, nanotubes unscroll into flat nanosheets,
which can laterally attach to each other, form multilayered
stacks, and finally produce massive titanate nanowires (Fig-
ure 1d, and Figure S2 of the Supporting Information).

Despite a variety of reports on the photoactivity of layered
TiO2-based nanostructures suspended in the liquid phase,[6,28,29]

we are not aware of any corresponding study that concentrates
on the gas–solid interface. Prior to UVexcitation studies of the
wires and tubes, we applied vacuum annealing at 470 K and p<
10�5 mbar to remove physisorbed water from these high-
surface-area materials. TEM measurements showed that such
activation steps did not change their structure andmorphology.
To investigate the transfer of photogenerated charges across

the gas–solid interface of titanate nanowires and tubes, we
employed O2 as an electron scavenger. Specifically, with the
use of EPR spectroscopy, surfaceO2

� radicals have successfully
been used to probe specific sites on TiO2 particle surfaces,

[30–32]

to quantify the number of trapped charges,[33] or to monitor
photochemical reactivity of doped TiO2 structures in the range
of visible light.[34] Critical to photocatalysis, scavenging of
photogenerated electrons by O2 allows for the accumulation of
reactive hole centers and enhances the efficiency of the overall
reaction.[33,35,36]

Typical EPR spectra measured on titanate wires and tubes
after photoexcitation at 140 K and normalized to the same
surface area are plotted in Figure 3a. Only a negligible
concentration of paramagnetic products originates from
photoexcitation of the nanowires. However, in the case of
titanate nanotubes (Figure 1b,c) the concentration of para-
magnetic sites is significantly enhanced. EPR signal analysis
by spectrum simulation points to the presence of essentially
two paramagnetic centers: 1) O2

� radicals which are charac-
terized by the g-tensor components g1 = 2.0198, g2 = 2.0093,
and g3 = 2.0033 and result from efficient transfer of photo-
generated electrons from the solid to adsorbed O2; 2) a
paramagnetic defect at g= 2.0031 that—to 70% of the
intensity plotted in Figure 3a—is already detectable on
vacuum-annealed titanate tubes, an observation also made
by others.[37,38] At present, the exact nature of the underlying
defect remains open and is subject to ongoing work. In
contrast to completely dehydroxylated TiO2 nanocrystals,

[33]

we do not observe paramagnetic hole centers in the form of
O� radicals on protonated titanate nanotubes after UV
excitation. This result is attributed to constitutional OH

Figure 2. Reversible acid/base-induced interconversion of Na2Ti3O7

nanowires into H2Ti3O7 nanotubes.

Figure 3. a) EPR and b) photoluminescence spectra of photoexcited
titanate nanowires and -tubes (curves 1 and 2, respectively). In part
(a), the simulated spectrum of the titanate nanotubes is shown as
curve 3, which is divided into its two component spectra: that of O2

�

(curve 4) and an unknown paramagnetic defect (curve 5). For charge-
carrier trapping, UV excitation with 1015 photonscm�2 s�1 was carried
out in the presence of 7 mbar O2 for tUV=2400 s (a). c) After
subsequent evacuation to 10�6 mbar, surface-adsorbed oxygen radicals
were measured at various temperatures.
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groups present at the interfaces of the curved titanate
nanosheets. We expect that these hydroxyl groups mediate
the transformation of trapped holes into diamagnetic product
states via short-lived OH radicals as intermediates.[39,40]

Complementing the EPR measurements, we also charac-
terized the photoluminescence properties of the Na2Ti3O7

nanowires and H2Ti3O7 nanotubes (Figure 3b). Induced by
l = 282 nm excitation light, an emission band at l = 505 nm
was observed on titanate nanowires at 77 K and attributed to
trapped exciton states.[19] This phenomenon is only observable
below 298 K owing to thermal quenching effects. As another
important characteristic, the respective photoemission pro-
cess is strongly suppressed in titanate nanotubes (Fig-
ure 3b).[19] Retransformation of the nanotubes into wires
restores the photoluminescence properties and reduces the
concentration of paramagnetic sites to the same level as in the
starting material.

Searching for a correspondence between photolumines-
cence[41] and the solidsG capability for persistent charge
separation, we measured the yield of scavenged electrons in
the range between 100 and 300 K and plotted the O2

� radical
concentration per unit surface area in Figure 3c.[33] Over the
entire temperature range, charge separation occurs on tubes
with much higher efficiencies than on wires. After photo-
excitation of the nanotubes at 140 K the O2

� concentration
amounts to (6� 2) H 10�9 molm�2, which, assuming an aver-
age length of 100 nm and the nanotube dimensions mentioned
above, corresponds to 30� 10 radicals per nanotube.

Differences in temperature dependence of the charge-
separation yield indicate that there is no simple anticorrela-
tion between the photoluminescence emission intensity and
the extent of charge separation. Additional factors such as
changed adsorption properties must play a role.[33] Even so,
chemical changes in the interlayer region are expected to alter
the potential-energy surface in such a way that the exciton
does not localize within the TiO6 unit anymore.[19] Conse-
quently, we expect an increase in the lifetime of the photo-
excited state, which then becomes susceptible to decomposi-
tion into electrons and holes.

Furthermore, titanate nanotubes represent curved struc-
tures such that the underlying self-organization process is
determined by the balance between surface-energy minimiza-
tion and lattice strain induced by bending.[6,27] In insulating
solids elastic-strain gradients can generate electric polarization
of the lattice,[42] which likely favors charge separation and, thus,
interfacial electron transfer to surface-adsorbed O2. Related
observations were made on barium titanates, where those with
tunnel structure exhibit enhanced photocatalytic activity.[43]

Certainly, further studies on these multifunctional materials
are required to understand the detailed physics which control
the branching ratio between formation and radiative deactiva-
tion of photoexcited states and their decomposition.

Radiative and nonradiative recombination of charge
carriers compete with the chemical utilization of photogen-
erated charges at the surface.[44] To optimize the desired
functionality of TiO2-based devices,[1,2,6] the branching ratio
between these key processes has to be controlled. The fact
that ion exchange and morphology transformation can easily
be accomplished by soft chemical treatment provides efficient

means for controlling the photoelectronic properties of
uniformly sized and morphologically well-defined nanostruc-
tures. This is of great importance for their use as a medium for
electron- and/or energy-transfer processes, for the improve-
ment of their photocatalytic activities, and for the achieve-
ment of higher photovoltaic efficiencies.

Finally, we note that the reversible interconversion of
titanate nanowires with plane surfaces and interfaces into
curved tubes with local strain effects gives another example
for the great potential of morphologically well-defined nano-
materials as model systems. The enhancement or depletion of
the abundance of different morphological characteristics
(such as nanocube corners,[45] specific surface planes,[18] or
tips of high-aspect-ratio nanoparticles[6]) can be utilized to
obtain valuable insights into physical and chemical surface
functionalities.[46]

In summary, we report on the effect of surface chemistry
induced morphology transformation on the charge-separation
properties of layered oxide materials. There is a clear
complementarity between titanate morphologies that are
associated with photoluminescence in conjunction with
inhibited charge separation and those with the opposite
properties. The respective trends and, thus, the branching
ratio between radiative deactivation and chemical utilization
of photoexcited states can easily be controlled by solution
chemistry. These findings are of great importance for new
concepts in the synthesis of photoactive materials as well as
for the use of related nanostructures as model systems for in-
depth physical and chemical studies. Owing to the variety of
related applications that are based on gas–solid interface
effects,[1,47,48] there is a growing need for surface-science
investigations on layered oxides of various morphologies[13,49]

Experimental Section
In a typical synthetic procedure, commercial anatase powder (5 g,
Alfa Aesar no. 36199) was treated with 10n NaOH (300 mL) at 380 K
under reflux for 48 h. The obtained product is denoted as Na2Ti3O7

titanate nanowires. A part of the sample was treated with 0.1n HCl
four times to give H2Ti3O7 titanate nanotubes. Both samples were
washed with distilled water and dried at room temperature. Thermal
activation at 473 K and p< 10�5 mbar represented the final step of
sample preparation.

TEM images were obtained using a TECNAI F20 analytical
microscope equipped with an 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 was contained within a Suprasil quartz glass tube which was
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 (International Light)
and kept constant at 0.7 mWcm�2 for the wavelength range 200–
380 nm throughout all experiments. X-band EPRmeasurements 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.
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A pulsed Xe discharge lamp served as the excitation light source
in a Perkin-Elmer LS 50B system for photoluminescence measure-
ments. Measurements were carried out at 77 K using a commercially
available low-temperature luminescence accessory in which the
sample cell was held by a high-purity copper rod that was immersed
in liquid nitrogen. For both types of spectroscopic measurements the
identical sample volumes with comparable powder densities were
exposed to UV light.

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. The absence of a prominent
feature at 2–6 nm in the pore size distribution indicates that the
internal volume of the tubes is not accessible to small molecules like
N2 or O2.
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