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In 1998, Melody et al. introduced an electrochemical anod-
ization process that was reported to lead to so-called non-
thickness-limited (NTL) oxide growth for some refractory
metals (in particular Ta).l'! By anodization of Ta at 150-180°C
in glycerol/K,HPO, solutions, oxide layers several tens of
micrometers thick could be grown without observing a drop in
the growth rate with time. In further work, this process was
used with Ti, but was not successful.”! Herein, we show that by
anodizing Ti under adequate conditions, a non-thickness-
limited oxide can indeed be grown. Moreover, by a subse-
quent selective etching treatment of these layers, a connected,
ordered, and mesoporous TiO, network can be obtained and
is suitable for application in high-efficiency dye-sensitized
solar cells.

Opver the past 30 years, TiO, has attracted wide interest
from both the scientific and the technological communities
because of its high number of potential applications. In
particular, its unique electronic properties make the material
attractive, for example for photocatalysis,”! as well as for solar
energy conversion.® For this type of application, a large
specific surface area is required, and therefore efficient
photovoltaic or catalytic electrodes are commonly based on
sintered or compacted anatase nanoparticles. In Gritzel-type
solar cells, particle sizes are typically around 10 nm, which are
assembled to approximately 10 um thick porous layers by
doctor-blading or spin-coating approaches.["* The layers then
are sensitized with a suitable dye!” and mounted into various
solar cell configurations.>1%-11.1¢]

Another versatile technique for the production of defined
oxide layers is anodization of a suitable metal substrate.
However, in the case of Ti, anodic layers of TiO, are formed
under most conditions with a compact morphology that is
typically limited to a thickness of some 100 nm. To date, only
the anodic growth of TiO, nanotube layers seemed promising
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for the production of nanostructured geometries that have
thicknesses in the 10 um range and are interesting for solar
cell applications.'""! Herein, we introduce an anodization
and selective etching approach to form a robust and ordered
mesoporous TiO, network (TiO, mesosponge) that is tens of
micrometers thick and is formed directly on a Ti substrate.
Figure 1 shows a SEM cross section of a 15-18 um thick
layer of TiO, grown by anodization of a Ti sheet in 10 wt %
K,HPO, in glycerol at (180 + 1) °C. It was crucial to carefully
optimize the experimental conditions in order to achieve the
growth of such layers. In particular, the temperature, pre-
anodization time, and anodization current have to be
accurately controlled (details are given in the Supporting
Information). Under the optimized conditions and after
extended anodization, such layers can be grown to thicknesses
greater than 50 um. If the conditions are not sufficiently
maintained, only compact or nanoporous oxide layers of some
100 nm thickness could be observed. Thick layers, as shown in
Figure 1, have a comparably tight oxide morphology with
some nanoscopic channels that are apparent in SEM (scan-
ning electron microscopy; Figure 1b) and TEM (Figure 1c,d)
images. The SEM image in Figure 1b shows that the channels
typically have a preferred orientation perpendicular to the
surface. This orientation is further confirmed by the TEM
image (Figure 1c) and the HRTEM image (Figure 1d), which
were taken in plan-view geometry and show most of the
channels in an edge-on orientation. The width of these pores
is in the range 5-10 nm. A main drawback in terms of
applications is that the spacing between the nanoscopic
channels is wide (ca. 20-50 nm), as apparent from the SEM
inset in Figure 1b. However, if this structure is adequately
chemically etched, a highly regular and defined sponge
structure as shown in the SEM image of Figure le,f is
obtained. This structure was etched for 1 h in 30 wt % H,O,
under ultrasonication. A very regular mesoporous morphol-
ogy is obtained over the entire sample thickness (Figure 1¢),
with typical TiO, sizes in the range 5-10 nm and pores of
approximately 10 nm (Figure 1 f). In comparison with the “as-
formed” layer, a much more open structure is present.
Figure 2a shows the XRD pattern of the layers of
Figure 1. The results reveal that the “as-formed” porous
layers before and after etching are amorphous but contain
some anatase and rutile crystallites. The diffractogram shown
as inset in Figure 1d confirms the mostly amorphous nature
but furthermore indicates that some metallic Ti may still be
present in the structure. To make use of TiO, in applications
based on photoexcitation, a crystalline structure is desired to
eliminate defects associated with the amorphous mate-
rial.?®*?!1 To crystallize the mesoporous TiO, layers, we
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Figure 1. Steps in TiO, mesosponge formation. a,b) SEM images of a
non-thickness-limited TiO, layer formed on Ti by anodization in

10 wt% K,HPO, in glycerol at (180+1)°C. c,d) TEM image and
HRTEM image of the TiO, layer. The inset shows the corresponding
diffractogram. e,f) SEM images after etching in 30 wt% H,0O, for 1 h,
leading to a highly regular sponge morphology.

annealed them in air at 450°C. The TEM results in
Figure 2d,e show that after annealing, the open structure
seen in Figure 1 f is maintained and that the material is fully
crystalline. From the XRD results in Figure 2c¢, it is evident
that a mixed anatase/rutile crystal structure was formed. The
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Figure 2. Structural characterization of the TiO, mesoporous layer
after different fabrication and annealing steps. XRD of layers a) after
anodic formation, b) after etching, and c) after thermal treatment at
450°C. The peaks are annotated as anatase (A), rutile (R), Ti metal
(Ti). d,e) TEM image and SAED pattern for the material after anneal-
ing. f) Flexibility and stability of the layer after annealing.

selected area diffraction (SAED) pattern in Figure 2 confirms
crystallization and formation of anatase. XPS results (see
Figure S1 in the Supporting Information) show that the “as
formed” NTL oxide layer consist of TiO, that contains a
comparably small amount of potassium and phosphorous
(1.33 atom % and 0.69 atom %, respectively). After etching
and annealing, the contaminants are removed from the layer.
As expected, the surface hydroxide content is strongly
reduced after annealing (as apparent from the XPS Ols
signal; see Figure S1 in the Supporting Information), and the
peak shape and position are in good agreement with anatase
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TiO,.”"*! Figure 2 f shows how well the layers adhere to the
surface, that is, not only do the layers remain intact after
intense bending (allowing for example flexible solar cells) but
also other intense mechanical treatment (such as scratching)
does not lead to flaking (lift off) of the TiO, mesosponge layer
(this observation is in contrast, for example, to TiO, nanotube
layers).

In order to demonstrate the feasibility of using TiO,
mesosponge layers in Gritzel-type DSSCs, we assembled
cells (Figure 3a) and characterized their performance using
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Figure 3. a) Schematic representation of solar cell construction using
TiO, mesosponge layers grown on Ti substrates. b) I-V curves
obtained from solar cells for different stages of sponge formation and
for differently etched sponge layers. The table gives extracted photo-
voltaic characteristics and dye loading of the dye-sensitized TiO,
layers. A) Non-etched and non-annealed, B) etched in H,O, and non-
annealed, C) non-etched and annealed, D) etched in H,0, and
annealed, E) etched in oxalic acid and annealed. Ly, =dye loading,
Jsc=short-circuit current, Voc =open-circuit voltage, FF=fill factor,

n = efficiency.

an AM 1.5 solar simulator setup (see the Supporting Infor-
mation). From the -V curves shown in Figure 3b, it is evident
that for the “as formed” nanoporous network, only efficien-
cies less than 1% could be obtained, even after extended dye
sensitization and electrolyte penetration times. If the “as-
formed” material is crystallized by annealing, the efficiency
(1) can be increased, however the comparably low values (%
~1-1.5%) indicate that in the as-anodized and annealed
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state, the pore structure is not sufficiently open to allow an
efficient penetration of the dye and/or iodine electrolyte.
Only after pore widening and annealing can efficient dye
sensitization be carried out and solar cell structures with an
efficiency greater than 4% can be easily obtained. The
increase in available surface area after the etching process is
evident from dye desorption measurements that yield a dye
loading that is more than twice as high for the etched material.
In fact, the specific dye loading of the TiO, mesosponge is 2-3
times higher than for TiO, nanotubes, which are currently
intensively investigated."'")

Moreover, an efficiency of 4.2 % was achieved in our first
attempts (under nonoptimized conditions). This value is
higher than the best efficiency for solar cells based on pure
TiO, nanotubes (7~ 3.3%!"*"l without using additional
TiO, nanoparticle decoration!"”?). In fact, the mesosponge
morphology shown in Figure 1e,f very much resembles the
feature size and arrangement of the nanoparticulate layers
currently used in commercial Gritzel-type DSSCs.”)

The strong interlinkage of the TiO, framework is a clear
advantage of the anodic mesoporous TiO, structure. The
feature size and distribution in the sponge depends signifi-
cantly on the electrochemical treatment and on the used
etchant (see Figures S2 and S3 in the Supporting Informa-
tion). Photomodulation measurements (intensity modulated
photocurrent and photovoltage spectroscopy; see Figure S2 in
the Supporting Information) indicate the strong influence of
the sponge morphology on carrier transport and recombina-
tion times. These findings strongly suggest that the meso-
sponge structure can still be significantly improved by
optimizing both the formation and the etching procedure.

We have shown how a highly regular and robust meso-
porous TiO, structures with thicknesses greater than 50 um
can be directly formed on Ti by using a simple anodization
process followed by a selective chemical etching step. The
partially amorphous material needs to be fully crystallized to
an anatase or rutile crystal structure for many functional
applications. We have shown how effectively the material can
be used in Gritzel-type DSSCs, and we have shown efficien-
cies better than the best pure TiO, nanotube solar cells in our
first attempts. This achievement is even more remarkable as
the results reported here are far from being optimized.
However, it can be expected that the material finds even
wider significance in all fields of TiO, applications where a
considerably thicker and mesoporous network is required (for
example, in photocatalysis, biomedicine, or water splitting
approaches).
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