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tructuring of crystalline functional ma-

terials on the nanoscale introduces a

high density of defects (surfaces and
interfaces), which is often considered to be
advantageous for applications requiring ef-
ficient surface reactivity, for example, pho-
tocatalytic and photoelectrochemical water
splitting or sensing. Mesoporous com-
pounds as one particular class of nanostruc-
tured materials have recently attracted
strong interest, as their microstructure of-
fers unique features: Open porosity in often
hierarchical pore structures allows fast ac-
cess of reactive gases and even liquids. The
thin walls between these pores may show
different physical properties than bulk ma-
terial, and highly periodic structures provide
a narrow distribution of these properties.

For these reasons, also titania (TiO,),

which plays an important role as a photo-
catalyst and photoelectrode base material,
has been studied in mesoporous form (mp-
TiO,). mp-TiO, can be obtained via sol—gel
templating, both in the form of powders
and thin films. For the latter, the so-called
“Evaporation-Induced self-assembly” has
emerged as a versatile approach. In es-
sence, a solution containing a TiO, source,
a molecular Ti compound or TiO,, a
structure-directing agent (usually a block
copolymer) and a volatile solvent is depos-
ited via dip-coating or spin-coating. Subse-
quently, the films are treated at sufficiently
high temperature to remove the template
and to induce crystallization in the case of
films based on molecular TiO, precursors.'
In most cases, the anatase modification was
studied, since the synthesis of high surface,
mesoporous TiO; rutile films still remains a
challenge.?
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ABSTRACT This paper describes a systematic comparison of the photoelectrochemical properties of

mesoporous Ti0; films prepared by the two most prevalent templating methods: The use of preformed, crystalline

nanoparticles is generally considered advantageous compared to the usage of molecular precursors such as TiCl,,

since the latter requires a separate heat treatment at elevated temperature to induce crystallization. However, our

photoelectrochemical experiments clearly show that sol—gel derived mesoporous Ti0, films cause an about 10

times higher efficiency for the water splitting reaction than their counterparts obtained from crystalline Ti0,

nanoparticles. This result indicates that for electrochemical applications the performance of nanoparticle-based

metal oxide films might suffer from insufficient electronic connectivity.

KEYWORDS: photoelectrochemistry - hydrogen - titania -

water splitting

In recent years, the usage of preformed,
crystalline oxide nanoparticles was pro-
posed as superior toward the usage of mo-
lecular precursors (TiCly, etc.), in that no
separate, temperature-induced crystalliza-
tion step is required which can potentially
disrupt the mesostructure. Although so far
already a number of metal oxides can be
prepared using preformed oxide nanoparti-
cles, surprisingly only limited data are avail-
able regarding the differences in funda-
mental physical properties of these two
types of synthetic approaches. In the
present paper, we compare the properties
of these two types of mp-TiO, films, pre-
pared by a conventional sol—gel route and
by a nanoparticle-based route, and their
performance as photoelectrodes for the
splitting of water. Since the first reports on
TiO; as a photoanode for the light-driven
decomposition of water by Fujishima and
Honda,® numerous studies on the improve-
ment of water splitting efficiency have been
reported, for example, band tailoring by
doping the titanium*® or the oxygen
sublattice® ® in order to gain visible light
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photoresponse. Other approaches are based on increas-
ing the surface area by nanostructuring® or the use of
TiO, based composite materials.’®™

Mesoporous TiO, has already been studied in the
form of dispersed particles for photocatalytic hydro-
gen evolution by Sreethawong et al.? Augustynski et al.
systematically studied nanocrystalline and porous TiO,
photoelectrodes prepared of commercial TiO, powders
(Degussa P25).1%13

However, to our knowledge, there is yet no study
available on mesoporous TiO, thin film electrodes fo-
cusing on a clear correlation between preparation, mi-
crostructure, and photoelectrochemical water splitting
efficiency. A recent study on the mesoporous thin film
systems, which are similar to the materials investigated
in this work, used for electrochemical capacitors by
Brezesinski et al.'* shows a significant capacitance ad-
vantage of nanoparticles films due to a higher specific
surface area. Also, recently Szeifert et al. introduced a
“brick and mortar” strategy by mixing preformed tita-
nia nanoparticles with surfactant-templated sol—gel ti-
tania in order to achieve (partial) crystalline films at very
mild conditions.'

Efficiency of Water Photoelectrolysis. Proper determina-
tion of the efficiency concerning the light to chemical
energy conversion is critical in evaluating the perfor-
mance of a photoelectrode. Different strategies have
been suggested and employed for its determination. A
detailed review on efficiency calculations for water pho-
toelectrolysis cells is given by Varghese et al.'® In the
present work, the two most common ways of efficiency
estimation are adopted as introduced below:

The so-called conversion efficiency is defined as the
ratio between energy gained due to the formation of
hydrogen and oxygen and the energy input due to illu-
mination and electrical biasing. The energy that is
stored during hydrogen production is given by the
standard Gibbs free energy A,G,,” = 273.2 kJ- mol ™" of
the water-splitting reaction (referred to 1 mol of water).
In case of PEC experiments, the transferred charge car-
riers, given by the integration of the photocurrent Iy,
over the illumination time t, are measured instead of
the amount of generated hydrogen. Then, the relation
between the gain of chemical energy Echem, A/G° and /op
results as:

AG°
Echem = 7’Pht (M

A,G° divided by 2 times the Faraday constant F is
better known as the value 1.229V, the standard cell volt-
age of the water splitting reaction. Assuming 100%
Faradaic conversion, that is, that all charge carriers are
utilized only for the generation of H,, and taking into ac-
count that applying an external bias U,pp to the photo-
electrochemical cell (PEC) costs electrical energy, the
conversion efficiency mc is given by

UNJ() VvOL.4 + NO.6 = HARTMANN ET AL.

e = lph(1.229PV = Uyppl) @
irr
with P, denoting the irradiation power at the photo-
electrode. The highest reported conversion efficiency
values up until now are 16.25% for TiO, nanotube ar-
rays'” (biased) and 12.4% for a lll—V semiconductor
multilayer electrode (unbiased).’® In ref 17, only a lim-
ited range of wavelengths was used (320—400 nm), so
that one has to be careful in comparing them with other
results.

Beside the efficiency of power conversion, the exter-
nal quantum efficiency mqe or incident photon-to-current
efficiency (IPCE) is used to describe the performance of
photoelectrodes. In this case, the ratio between the
numbers of incident photons #,, and generated elec-
tronic charge carriers lpyt/ey gives mqe. To quantify #p,
it is beneficial to use monochromatic light with a cho-
sen wavelength \ instead of white light. Then, the ex-
pression of the IPCE for a given wavelength \ reads

hel,,
IPCE P, (3)
As the conversion efficiency strongly depends on

the spectrum of the used light source and IPCE de-
pends on the applied external bias, a comparison of val-
ues published in literature is meaningless without the
precise knowledge of the experimental conditions. For
instance, the use of a reference electrode in a three
electrode setup offers the exclusive evaluation of pro-
cesses at the photoelectrode. Processes occurring at the
counter electrode are neglected although unavoidable
overpotentials lead to an additional loss in efficiency.
Just recently Maschmeyer et al. complained about a de-
ficiency of standardized characterization procedures in
the field of solar hydrogen generation. Therefore, the
authors critized that achieved results for different ma-
terial systems are hardly comparable.'

RESULTS

Photoelectrochemistry. Figure 1 shows the /—U charac-
teristics of the mp-TiO, films prepared on FTO sub-
strates. Measurements were carried out with a scan
rate of 2 mV/s. Both samples show an open cell volt-
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Figure 1. /—U-characteristics of mp-TiO, photoelectrodes
under illumination (ca. 1000 mW/cm?). The dark currents
are shown in the Supporting Information (Figure S1).
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Figure 2. Quantum efficiency (IPCE) of sol—gel (a) and
nanoparticle films (b) at U, = 0 V. The point connecting
lines are only for eye guidance. The measured values for
light intensities and photocurrents as function of the wave-
length can be found in Figure S2.

age U, of about —0.95 V (under steady state condi-
tions about 0.85 V) and a steep increase of photocur-
rent density jon with increasing applied voltage U,pp.
Between —0.5 V and +1.0 V, the photocurrent of the
nanoparticle film rises little, whereas in the case of
sol—gel films, ji,n increases significantly up to +0.3 V.
The short circuit current densities are 2.89 mA/cm? and
0.32 mA/cm? and maximum values for jy, are 3.5 mA/
cm? and 0.35 mA/cm? for sol—gel and nanoparticle
films, respectively. The step at +0.35 V in the /—U curve
of the sol—gel sample is an experimental artifact. The
maximum conversion efficiency is calculated using eq
1. We obtain about 0.36% at 0 V for the sol—gel film and
0.04% at 0 V for the nanoparticle film.

Assuming ideal monochromatic light and complete
Faradaic conversion, IPCE values can be calculated from
the photocurrent response for each wavelength (Fig-
ure 2). Both samples show notable IPCEs for wave-
lengths of about 390 nm or shorter. At 320 nm, the
nanoparticle-based samples already reached the maxi-
mum efficiency of 4%, whereas the sol—gel samples
show an increase in efficiency up to 40% for the low-
est measured wavelength. The large error bars at small
wavelengths are due to the low fraction of UV light in
the light source spectrum and therefore a high uncer-
tainty of the intensity measurement. The error calcula-
tions include the spectral bandwidth of the monochro-
mator as well as the uncertainty of light intensity and
current measurements.

A simple estimate of the mean IPCE for the spectral
range used in ref 17 (320—400 nm) with our data for
the sol—gel electrode results in almost 12% efficiency
which is not too far away from the data (16.25%) in that
reference.

Optical Properties. Significant light absorption of the
TiO, films starts at approximately 380 nm reaching a
plateau at about 320 nm where up to 90% of the inci-
dent light is absorbed (not shown in the graph). To de-
termine the materials band gap energy £, the square
root of the measured absorption coefficient as function
of the photon energy is shown in Figure 3. TiO, is con-
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Figure 3. Determination of the band gap energy E, for
sol—gel and nanoparticle based films from absorption spec-
tra. According to the indirect optical band gap in TiO,, the
square root of the absorption coefficient is plotted vs the
photon energy and E, is estimated by linear approximation
of the absorption edge to a = 0.

sidered as an indirect semiconductor, and thus, the op-
tical absorption coefficient « is expected to show a
square root dependence for the photon energy hv near
the band gap energy E4:

ae (hv — E)"% hv>E (4)

E, is evaluated as 3.3—3.4 eV for the mp-TiO, films.
These results are in good agreement with values pub-
lished by Wong et al. who characterized interband tran-
sitions of anatase films deposited by electron beam
evaporation by thermoreflectance spectroscopy.?!
Other studies, both experimental and theoretical, lead
to the conclusion that (nanocrystalline) anatase shows
a direct absorption edge.?*?* Therefore, we also plotted
«? versus hv obtaining bandgap energies of 3.6—3.7
eV for a direct transition (Figure S3).

Morphology and Structure. Figure 4 shows SEM images
of the mp-TiO, electrodes. Both films show a regular
mesoporosity with a pore diameter of about 15 nm and
a high film quality with large crack free areas, as re-
ported in literature' (not shown in the pictures). The
pore structure of the nanoparticle films is more open
(i.e., it shows a higher density of accessible pores at the
surface) than the sol—gel samples. Films prepared by
the sol—gel process have a significantly thicker TiO,
framework possessing about 15 nm thick pore walls
compared to 7 to 8 nm thick walls of the nanoparticle
films. The thicknesses of sol—gel and nanoparticle films

Figure 4. HRSEM images of mp-TiO, thin films prepared (a and b) by
the sol—gel route and (c and d) by the nanoparticle route.
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Figure 5. (a) Wide angle X-ray diffraction patterns (Cu Ko
source) of sol—gel (i) and nanoparticle films (ii) on silicon
substrates (iii) are shown. The Bragg reflections for an ideal
anatase powder pattern are indicated as vertical bars at the
bottom of the graph. The small inset shows a pseudo-Voigt
fit of one of the measured peaks. (b) Small angle X-ray scat-
tering patterns of sol—gel (blue circles) and nanoparticle (or-
ange circles) films prepared on silicon wafers and calcined
at 300 °C.

are determined by profilometry as (185 = 21) and (144
* 8) nm, respectively.

Wide angle X-ray diffraction (Figure 5 a) was carried
out with mesoporous films on highly oxidized silicon
substrates, to reduce substrate scattering. Identification
of the main peaks and relative intensities was found to
match the anatase phase according to JCPDS reference
card no. 21-1272, and reflections of other TiO, phases
could not be observed. To estimate the average crystal-
lite size, we evaluated the width (fwhm) of the stron-
gest reflections (26: 25.3°, 48.03°) using the Scherrer
equation.?* We obtained 9—11 and 16—17 nm for the
nanoparticle and sol—gel films, respectively, confirming
the analysis of SEM images. Figure 5b shows 1D SAXS
curves measured in symmetric reflection obtained with
films on silicon wafers calcined at 300 °C. 26 ranges
from 0.5° to 4.5°, and s is the scattering vector: s = 2
sin(8)/\. The sol—gel films show distinct scattering
maxima at s = 0.14 nm~ " and s = 0.24 nm~" which in-
dicate an ordered mesoporous system with cubic struc-
ture, as typically observed for PIB templated sol—gel
films, but with a certain degree of distortion.?> The SAXS
curves of the nanoparticle films do not show any fea-
ture indicating an ordered system of mesopores. The
apparent discrepancy with the SEM figures is probably
due to the fact that the mesopores themselves still do
possess a well-defined shape, but show a high degree
of positional disorder as a consequence of the stress
during the reorganization of the nanoparticles.

To obtain information about the electrolyte accessi-
bility, we infiltrated the mp films with a tracer solution
of cobalt nitrate. After drying, depth profiles were mea-
sured in order to resolve the Co concentration within
the TiO, structure (Figure 6). It can be seen that for both
films the Co and the Ti concentration is almost con-
stant until reaching the Si wafer used as substrate which
is indicated by a steep increase of the Si signal. The de-

UNJ() VvOL.4 + NO.6 = HARTMANN ET AL.
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Figure 6. Depth profiles of sol—gel (a) and nanoparticle
films (b) as determined by ToF-SIMS. The pore system was
impregnated with a cobalt salt solution in order to prove
electrolyte accessibility. Only the signals of positively single
charged ions are shown. The point connecting lines are only
for eye guidance.

lay between rise of the Si signal and drop of the Co
and Ti signals is caused by ion mixing effects typical of
ToF-SIMS.

DISCUSSION

Morphology and Structure. According to their morphol-
ogy, both types of samples may have different advan-
tages with respect to the photoelectrochemical perfor-
mance. The more open pore structure of the
nanoparticle samples gives rise to high electrolyte ac-
cessibility and, therefore, fast transport of the reacting
species. Furthermore, the nanoparticle films (350—400
m?2/g) have an about 2 times larger specific surface area
than the sol—gel derived films (180—200 m?/g) as de-
termined by Brezesinski et al. via toluene physisorption
combined with gravimetric measurements (those films
were templated with a different block copolymer (KLE),
which leads to a comparable pore structure).' On the
other hand, the sol—gel samples should instead show
better electronic transport properties due to both the
relatively thick TiO, framework and the about 60%
larger crystallites. Kim et al. investigated the photocata-
lytic activity of nanostructured TiO, focusing on the in-
fluence of the nanoparticles morphology.? They ob-
served the lowest activity for spherical particles even
though those feature the highest surface area. Mixing
spherical and rod-like particles leads to a significant en-
hancement which Kim et al. explained with improved
electronic transport established by the rod-like nano-
crystals and their anisotropic shape. In a recent study on
single crystalline TiO, nano pillar arrays, Dong et al. as-
cribed a superior photoelectrochemical performance to
a low fraction of grain boundaries and direct electronic
pathways.’

The sol—gel samples seem to form a continuous
TiO, network, whereas the connection between nano-
particles surrounding the pores seems to be less con-
tinuous. The latter leads to a reduced density of con-
duction paths for charge carriers within the
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nanopoarticle-templated film. To explain this finding, it
is necessary to consider the synthesis of mesoporous
films using block-copolymers via evaporation-induced
self-assembly (EISA process).””% The block copolymers
assemble to a periodic system of micelles, that is, to a ly-
otropic liquid crystal phase. The dimensions of the mi-
celles are basically given by the molecular structure and
concentration of the used polymer. The metal oxide is
then built around the micelles either by hydrolysis and
condensation reactions of molecular precursors or by
destabilization of a colloidal solution of nanoparticles.
The dimension of a molecular precursor is usually neg-
ligible compared to a 15 nm micelle and the built amor-
phous TiO, network is flexible up to a certain degree
of condensation and can easily match within the or-
ganic liquid crystal structure. In contrast, the presynthe-
sized TiO, nanoparticles are about 7 to 8 nm in
diameter?®3° and rigid. Thus, the assembly of nanopar-
ticles and micelles to a somehow closed package can lo-
cally lead to a distorted structure and discontinuous
pore walls (template —particle size mismatch). To avoid
these local distortions, it is beneficial to use smaller
nanoparticles, but the use of smaller particles leads to
a lower photoelectrochemical performance.

As SEM images mainly contain surface information,
we carried out small-angle X-ray scattering experiments
on the TiO, films to get volume information on the me-
soscopic scale, when the block-copolymer is still inside
the pores. For the sol—gel films, we observed signifi-
cant scattering maxima, whereas we observed no such
features for nanoparticles. This finding confirms that the
nanoparticle/block-copolymer system tends to mesos-
copic disorder to compensate the template—particle
size mismatch. It has to be noted that heating to 550
°C (within 50 min, starting at 300 °C) results in a com-
plete loss of the scattering maxima indicating a loss of
ordering due to crystal growth within the pore walls. In-
deed the ordered structure of the sol—gel films could
be preserved to the point of crystallization using a faster
heating ramp (30 min); however, those samples showed
a lower performance as PEC electrodes.

In the above-mentioned “brick and mortar” ap-
proach, Szeifert and co-workers'® synthesized mesopo-
rous TiO, thin films at very mild conditions (calcination
at max. 300 °C) by mixing preformed crystalline nano-
particles (bricks) with a templated sol—gel titania (mor-
tar). They investigated both the photocatalytic (NO oxi-
dation) and photoelectrochemical (DSSC electrode)
performance as function of the film particle content.
For both applications, mixtures with about 60—80%
particle content gained highest and pure sol—gel films
lowest efficiencies. The latter seems to contradict our
results, but can be explained by the different tempera-
ture treatments: As shown in an earlier work,3' sol—gel
derived TiO, films show almost no crystallinity up to
400—450 °C (depending on the used template). There-
fore, in this work, all samples were calcined at 550 °C to
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obtain TiO, with high crystallinity. The benefit of mix-
tures is related to both a certain degree of crystallinity
introduced by the particles and a good particle inter-
connection via the sol—gel titania “glue”. In good
agreement with our results, films with 100% particle
content show a significant decrease in efficiency com-
pared to the mixed films. The authors relate this obser-
vation to insufficient sintering via solid state diffusion of
particles at 300 °C. Our results show that even 550 °C
are not enough to achieve an interparticular sintering
which would provides sufficiently conductive charge
transport paths.

Optical Properties. Both sample types show quite com-
parable absorption behavior. The band gap energies
of 3.3—3.4 eV are only a little higher than 3.2 eV for bulk
TiO, (anatase modification).?? It is well-known that the
decrease of the crystallite size can alter optical proper-
ties of a semiconductor material. Below a certain dimen-
sion, electronic states get confined, resulting in a blue
shift of the band gap energy.® But the discrepancy of
0.1—0.2 eV can simply be the result of the experimen-
tal uncertainty.

As the wavelength resolved IPCE values give infor-
mation on the absorption properties of the photoelec-
trodes, it is useful to take a closer look at these results
converting the light wavelengths into photon energies.
The IPCE increases for photon energies around 3.3 eV
which is in good agreement with the obtained values
for an indirect band gap (Figure S4). Without using
more sophisticated techniques to analyze the optical/
electronic properties, it is not possible to give more pre-
cise information at this point.

Photoelectrochemistry. Both samples have conversion
efficiencies far below 1.7%, that is, the theoretical maxi-
mum efficiency for photoelectrochemical water split-
ting using a semiconductor with a band gap of 3.2 eV
like anatase phase TiO, and the full spectrum of a Xe-
arc light source.'® However, the mesoporous photoelec-
trodes gain almost maximum conversion efficiency
without applying an external voltage. Thinking of appli-
cations for solar hydrogen generation, the expendabil-
ity of an electrical power source would offer low-end
systems and installation aloof electricity networks.
Mishra et al. reported conversion efficiencies of more
than 2% for spin coated TiO, films on Ti substrates bi-
ased with about 600 mV but only negligible values
(<0.1%) without biasing the photoelectrodes.>* For he-
matite (a-Fe,0;) electrodes, Gratzel et al. reported sig-
nificant photocurrents only for potentials <0.8 V versus
RHE.2 In a recent work, Wolcott et al. investigated ZnO
photoelectrodes and obtained conversion efficiencies
between 0.1% and 0.6% (depending on the preparation
method) under 1V bias.3® At this point, it has to be men-
tioned that in refs 34—36 light sources different from
ours were used, and therefore, a comparison of the ab-
solute efficiency values is not possible. Further, we
evaluated the efficiency of the whole PEC, whereas in
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the quoted contributions, a three electrode setup was
used.

By optimizing both the photoelectrodes and the ex-
perimental setup, it should be possible to obtain higher
efficiency values, as the optimum thickness for nano-
structured anatase films should be in the pm range. For
experimental reasons, we were not able to use lower il-
lumination intensities. This might be another interest-
ing point for future studies, as Ooms and co-workers
demonstrated a high intensity dependence of the con-
version efficiency at La,CuO, electrodes, ranging from
about 1% (45 mW/cm?) to 0.2% (1600 mW/cm?).3”

The comparison of the two types of mp-TiO, photo-
electrodes illustrates that the nanoparticle films show
roughly 10 times lower conversion and quantum effi-
ciencies than the sol—gel films, although the prepara-
tion route for both types of films is quite similar. To ex-
clude differences in film thickness as a reason for large
differences in PEC performance, we investigated
sol—gel samples with varying film thickness. Even a
100 nm thick film shows 7 times higher photocurrents
and efficiencies than the 144 nm thick nanoparticle film.

As already indicated above, the different morphol-
ogy of the TiO, framework may cause these enormous
discrepancies. The early IPCE saturation at low bias (Us-
ppl = 0 V) for nanoparticles may be caused by recombi-
nation of photogenerated charge carriers. Augustynski
et al. investigated the influence of molecular oxygen
dissolved in the electrolyte on the photoelectrochemi-
cal performance of mesoporous TiO, electrodes.® They
found that for small wavelengths the IPCE values signifi-
cantly drop for an oxygen saturated electrolyte and re-
lated this effect to the decreasing light penetration
depth with decreasing wavelength. Using the absorp-
tion coefficients for titania measured by Eagles,*® Au-
gustynski et al. estimated a penetration depth of 30 nm
and 3 pm for wavelength of 300 and 380 nm, respec-
tively, in case of a mp-TiO, film.*° At higher photon en-
ergies, electron hole pairs are generated near the elec-
trode surface resulting in a longer conduction path
length across the mesoporous structure. This facilitates
a higher recombination probability due to the electro-
lyte filled pore structure.

As there is no significant difference in the optical
properties, crystallographic structure, as well as electro-
lyte accessibility, we relate the discrepancy in the pho-
toelectrochemical performance to electronic transport
within the mesoporous TiO, (Figure 7). (1) The spheri-
cal shape of the nanoparticles intrinsically leads to a
loose connection between particles (constriction resis-
tance) and a low electronic conductivity of the film. (2)
The smaller dimension of the pore walls and crystallites
leads to a higher recombination probability of elec-
trons and holes within a single particle and at the grain
boundaries. Because of the higher specific surface area
of the nanoparticle films, the recombination of photo-
generated electrons with an oxidized species in the
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Figure 7. Sketch of the electronic transport within the me-
soporous photoelectrodes. (a) The small nanoparticles and
the template—particle size mismatch result in a low conduc-
tion path cross section. Recombination with, e.g., dissolved
oxygen is facilitated due to the high surface area. (b) The
sol—gel films therefore show high photo currents due to
thick and continuous pore walls and a lower recombination
rate.

electrolyte is also facilitated. (3) The template—particle
size mismatch leads to discontinuous TiO, pore walls
and, therefore, to a lower fraction of conduction path-
ways within the film.

CONCLUSION

In summary, mesoporous TiO, films were synthe-
sized by two widely used approaches regarding the pre-
cursor of TiO, (molecular compounds such as TiCl, and
preformed crystalline TiO, nanoparticles) and studied
regarding their photoelectrochemical properties. In
principle, using preformed crystalline nanoparticles is
generally considered to be advantageous, circumvent-
ing the synthetic problems of molecular precursors: In
case of the sol—gel route, one has to use a reactive so-
lution containing titanium compounds, the hydrolysis
and condensation of which are difficult to control. Also,
high temperatures are required to achieve the transfor-
mation into the crystalline oxide, potentially disrupting
the mesoporosity. In our studies, the sol-based mesopo-
rous TiO, films appeared to be superior with respect to
photoelectrochemical properties as model system. The
present study thus questions the paradigmatic assump-
tion that the usage of preformed metal oxide nanopar-
ticles is fundamentally superior over mesoporous films
prepared from molecular precursors. By contrast, the
electronic connectivity of the oxidic matrix is of crucial
importance.

The present study could not address the ques-
tion whether the low connectivity observed for
particle-based films is just due to the fact that the
nanoparticles used are small. For such investigations,
significantly larger nanoparticles are required (ca.
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20 nm in diameter), which however are incommen-
surate with the block copolymers used. Future stud-
ies will be dedicated to the use of larger block co-

EXPERIMENTAL METHODS

Film Preparation. The synthetic route for the film preparation
is adopted from Brezesinski et al.'

Sol—gel Route. Approximately 0.3 mL of titanium tetrachloride
(<98%, Fluka) was mixed with 3 g of ethanol (99,8%, VWR) un-
der vigorous stirring. In a second vessel, 110 mg of PIB3000 (BASF
SE, Ludwigshafen, Germany) was dissolved in 2.5 g of ethanol us-
ing an ultrasonic bath. After 30 min, both solutions were mixed
together with 0.4 mg of water.

Nanoparticles. One milliliter of TiCl, was carefully added to 5 g
of ethanol, stirred for 5 min, and was then combined with 20 g
of benzyl alcohol (99%, Merck) and 240 mg of 1.3-propanediol
(99%, Alfa Aeser). The solution was stirred for 8 h at 80 °C. To iso-
late the obtained particles, the transparent solution was given
to ca. 200 mL of diethyl ether (99%, Merck) and centrifuged at
3500 rpm for 10 min. The white precipitate was dried at room
temperature (RT) for 1 h and then dispersed in about 3 mL of eth-
anol and 0.3 mL of double distilled water. Afterward, 110 mg of
PIB3000 was dissolved in the nanoparticle dispersion and soni-
cated for 20 min.

Film Deposition. All samples are prepared as thin films on differ-
ent substrates (Si, SiO,, FTO glass) using a dip-coating technique.
Optimal coating conditions include filtering of the solutions
with 0.2 um micro filters, 20% of relative humidity for the
sol—gel samples and 80% for the nanoparticle-based samples,
as well as a constant withdrawal rate varying from 3 to 13 mm/s.

During drying of the wet coating, the so-called evaporation
induced self-assembly (EISA) process of the amphiphilic block co-
polymer PIB3000 took place. This resulted in an ordered arrange-
ment of spherical mesopores in the titania matrix (see ref 26 for
a review of the preparation on mesoporous materials by using
block copolymers).

The films were dried in air at 100 °C for 1 h and aged at 300
°C for 12 h. To remove the organic template and crystallize the ti-
tania framework, samples were heated from 300 to 550 °C within
50 min and kept for 5 min at this temperature. Longer heating
was avoided as it may cause the collapse of the metastable po-
rous network. All temperature treatments were carried out in a
commercial muffle furnace (Nabertherm L 3/11/P320).

Characterization. Scanning electron microscopic images were
taken with a LEO Gemini 982 high resolution SEM (field emis-
sion gun). All samples for the SEM experiments were prepared
on (100) single crystal silicon. Wide angle X-ray diffraction and
small-angle X-ray scattering experiments were done in 6—26 ge-
ometry on a Panalytcal X'Pert diffractometer with Cu Ka source
(40 kV, 40 A). Scherrer Analysis: for fitting the wide angle reflec-
tions, we used a pseudo-Voigt function of the Originlab Origin
8.0 software. For nanometer-sized primary particles (average di-
ameter ca. 10 nm), the corresponding peak widths in WAXS data
are mainly determined by the crystallite size, so that the influ-
ence of instrumental broadening could be neglected. The film
thickness was measured by a profilometer (Alpha-step 1Q). The
spatial homogeneity of the chemical composition of the samples
was analyzed by a time-of-flight secondary ion mass spectrometer
(Fa. lon TOF 5) equipped with a bismuth gun for analysis. In this
work, the spectra of positively charged ions are used. For depth
profiling, the films were sputtered using a O, gun (1 kV, 14.4 nA,
5 s sputter time) supported by an electron flood gun to avoid
electric charging of the samples. To investigate the accessibility
of the porous microstructure of the films, we preimpregnated
them with a 107 M Co(NOs), tracer solution before analyzing.
The dimensions of the sputtered craters were about 100 X 100
wm?, whereas the chemical analyses were done on a area of
about 25 X 25 pm? The optical properties were determined
with an UV—vis-IR Spectrometer (UVIKON Lambda 900) measur-
ing the wavelength dependence of reflection and transmission
coefficients (step width of 1 nm and a scan rate of 150 nm/min).
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polymer micelles and further details of the
differences in the electronic transport of other meso-
porous metal oxides.

In this case, silica glass (ca. 10 X 20 X 2 mm?®) was used as sub-
strate. An uncoated quartz substrate and an aluminum mirror
were used as references for transmission and reflection measure-
ments, respectively. The photoelectrochemical experiments were
carried out in a rectangular PMMA reactor (ca. 30 X 50 X 100
mm3) equipped with a quartz window. A two-electrode system
was used: a platinum foil counter electrode (300 mm?) and the
mp-TiO, electrodes (19.6 mm?) immersed in an aqueous 0.1 M
NaOH electrolyte. For the PEC measurements, the TiO, films were
coated on commercial FTO glass substrates. Bias supply and cur-
rent measurements were done by an electrochemical worksta-
tion (Zahner IM 6). As light source, we used a 150 W Xe Arc lamp
(Lot Oriel) and a Thermopile (OPHIR 1Z202662) plus Powermeter
(Nova Oriel) for light intensity measurements. The quantum effi-
ciency or incident photon to charge carrier conversion efficiency
(IPCE) was measured by illuminating the samples with mono-
chromatic light beam (monochromator, Lot Oriel, MSH101, width
of entrance and exit slit: 2.5 mm). The photocurrent at each
wavelength was recorded until the steady state at a constant
electrode potential of 0 V was observed (Zahner IM 6).
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