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Ever since the first report by Fujishima and Honda in 1972," the unique
photocatalytic properties of TiO, have attracted high and still increasing
interest not only in the research community but also in view of
technological applications such as self-cleaning or pollutant-degrading
coatings.” The key to the high photocatalytic efficiency of TiO, lies in
the semiconductive nature of its anatase structure, with a band gap of 3.2
eV and band-edge positions suitable to allow the formation of highly
oxidative species from aqueous environments:® with UV light, electron—hole
pairs can be created that in combination with water form OH’ radicals
and peroxides on the TiO, surface. These radicals in turn are able to
decompose virtually all hydrocarbon species* and thus can be exploited
to degrade organic materials, adjust the surface wettability,*® establish
antifogging properties,” or induce payload release by chain scission of
attached monolayers.*®

In order to achieve high photocatalytic conversion rates, a high specific
TiO, surface area is typically desired. This can be attained by using
nanoparticles (NPs) in suspensions or, as required in many applications,
by immobilizing NPs on a substrate material. To produce such photoan-
odes, TiO, NPs (such as commercially available Degussa P25, with a
BET surface area, Aggr, of ~50 m?/g) are doctor-bladed or spin-coated
onto a conductive substrate surface and compacted by adequate sintering.’

More recently, as an alternative for producing high-surface-area
structures, self-organized TiO, nanotubes (NTs)'® have been explored for
photocatalytic applications.'" These oxide layers can be grown on Ti sheets
by a suitable electrochemical anodic treatment in fluoride-containing
electrolytes and were shown to have a very high photocatalytic
efficiency.''* However, a drawback in many TiO, nanostructure synthesis
approaches is that the as-formed TiO, is amorphous, so a high-temperature
treatment is required in order to form the photocatalytically much more
active anatase structure.

In very recent work, we reported on an entirely novel anodization
approach that forms a thick, amorphous, self-organized mesoporous oxide
on Ti.'? It is based on anodizing Ti in a hot glycerol K,HPO, electrolyte
followed by chemical etching of the structure.

Here we show that under modified anodization conditions, a titania
mesosponge (TMS) structure can be formed that (i) provides a higher
specific surface area than TiO, NTs, (i) directly consists of anatase TiO,
and thus provides a high photocatalytic activity as-formed, (iii) upon
additional heat treatment exhibits an even higher photocatalytic activity
than comparable P25 layers or TiO, NT layers, and (iv) provides
mechanical robustness and flexibility.

Figure 1a shows an SEM cross section of a typical TMS layer formed
by voltage-step anodization of a Ti metal foil at 50 V for 48 hin a 10 wt
% K;HPO4-containing glycerol electrolyte followed by a chemical etch
in 30 wt % H,0, [see the Supporting Information (SI)].

The resulting structure shows uniform nanoporous channel morphology
(with a “fishbone” structure) with 5—20 nm open channels and a scaffold
width of 10—20 nm. The anodic oxide layer can easily be grown to
different thicknesses (up to >10 xm) according to the holding times (two
examples are shown in the insets of Figure 1a). These layers after formation
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Figure 1. (a) SEM image of a TMS layer formed on Ti by anodization in 10 wt
% K-HPOy in glycerol at 180 =+ 1 °C followed by etching in 30 wt % H,O, for
7 h. A highly regular sponge morphology is apparent. The upper and lower insets
show layers formed by anodization for 24 and 48 h, respectively. (b) Magnified
SEM image of the layer morphology in (a). (c) HRTEM image and (d) SAD pattern
of the layer in (a). (¢) XRD patterns of samples before and after etching, respectively.
The peaks are annotated as anatase (A), rutile (R), and Ti metal (T).

consist directly of anatase or anatase/rutile mixtures (as evident from the
HRTEM, SAD, and XRD data shown in Figure 1). Although it is known
that extended anodization of Ti at high voltages can directly result in
crystalline layers,'® these layers are usually compact and limited to
maximum thicknesses of some 100 nm.

In the present case, for the as-formed TMS layers, XRD and HRTEM
(shown in Figures S1 and S2 in the SI) reveal that the as-formed layer is
porous and consists of anatase but still contains some amorphous material.
When the layers are etched in 30 wt % H,O,, the chemical dissolution
process preferentially removes amorphous paths present in the oxide layer
(see the discussion of Figure S2 in the SI). Adjusting the etching time
mainly affects the channel width (for different etching times from O to
7 h, the average channel width increased from 2—5 to 5—20 nm). Etching
for times longer than 7 h led to partial disintegration of the sponge structure.

Figure 2 shows the kinetics for the photocatalytic decomposition of a
model organic compound [Acid Orange 7 (AO7), a dye routinely used
for determining the kinetics of photocatalytic decomposition reactions'*]
for differently prepared TMS layers.
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Figure 2. Comparison of photocatalytic decomposition rates of AO7 for TMS
layers produced using (a) different etching durations in 30 wt % H,O, (using a 3
um TMS annealed at 450 °C for 3 h) and (b) different annealing temperatures of
a 3 um TMS etched in H,O, for 7 h. (c) Comparison with other photocatalytic
TiO, systems (3 um thick P25, 7 um long NTs). The TMS layers were annealed
at 450 °C for 3 h and etched in H,O, for 7 h. The straight lines are fits to a first-
order rate law, and the corresponding rate constants are given in the figures.

Figure 2a clearly shows that the chemical etching process after layer
formation is crucial for optimizing the photocatalytic activity, i.e., the
sponge activity is increased with larger channel width, indicating a rate-
controlling effect of reactant transport.'* As mentioned above, the structure
starts to degrade when etched for 9 h; therefore, a strong decrease in activity
is observed.

From Figure 2b it is clear that although the as-formed structure already
consists of a substantial amount of anatase, additional annealing under
optimized conditions is beneficial to the photocatalytic activity of the
mesospongeous material. According to XRD and TEM analyses, this can
be ascribed to additional anatase formation and growth of anatase grains
(see the SI). Annealing at temperatures higher than 450 °C is detrimental
to the photocatalytic activity. At these temperatures, a significant amount
of rutile formation takes place.

Figure 2c presents a comparison of TMS layers with other nanostruc-
tured photocatalytic electrode systems (TiO, NTs of comparable length

and P25 layers of comparable thickness). It is evident that the high anatase
content in the as-formed layer provides considerable photocatalytic activity
even without any further annealing.

For the TMS layers, additional annealing clearly further improves the
properties, and efficiencies even superior to those of P25 layers or annealed
NT layers (converted under optimal conditions to anatase) can be obtained.
This can be ascribed to two factors: First, a considerably higher specific
surface area is provided by the TMS layers (Ager = 78 m%g) than by
NTs, where typically Ager = 20—30 m%g is reported.'> Second, in
comparison with NP layers, the TMS layers provide direct interlinkage
(the material is carved from a block by etching), while an optimized
compacting of NPs often represents a considerable challenge and frequently
results in nonideally interlinked NPs.

Under modified anodization conditions (potential sweeping to 50 V),
samples can be grown to thicknesses of >50 um (Figure S5). However,
these as-formed layers are amorphous, have a different morphology, and
even after annealing do not show a comparably high photocatalytic activity.
Another very important advantage for practical applications is that the
TMS layers provide very high mechanical adhesion to the substrate, are
robust, and possess remarkable flexibility. For example, in a mechanical
bending experiment, the TMS layer remained fully intact after bending
to 170° (Figure S7); this contrasts with TiO, NT layers, which tend to
flake off from the substrate during such a test).

Overall, it should be noted that many parameters of the anodization
and etching process still need to be explored. However, it is already clear
from the present first set of results that the mesospongeous TiO, material
reported here shows a very high photocatalytic performance and is
extremely promising for a full range of further applications where TiO,
nanoscale substrates are used today.
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