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We present a novel “brick and mortar” strategy for creating highly efficient transparent TiO, coatings
for photocatalytic and photovoltaic applications. Our approach is based on the fusion of preformed titania
nanocrystalline “bricks” through surfactant-templated sol—gel titania “mortar”, which acts as a structure-
directing matrix and as a chemical glue. The similar chemical composition of both bricks and mortar
leads to a striking synergy in the interaction of crystalline and amorphous components, such that
crystallization is enhanced upon thermal treatment and highly porous and highly crystalline structures
are formed at very mild conditions. Coatings with a broad variety of periodic mesostructures and
thicknesses ranging from few nanometers to several micrometers are accessible using the same organic
template, and the final structures are tunable by varying the fraction of the “bricks”. The beneficial
combination of crystallinity and porosity leads to greatly enhanced activity of the films in photocatalytic
processes, such as the photooxidation of NO. Acting as the active layers in dye-sensitized solar cells,

films of only 2.7 um in thickness exhibit a conversion efficiency of 6.0%.

Introduction

Nanostructured films of TiO, have an enormous potential
for applications in photocatalysis, solar cells, sensors, and
energy storage.! However, reaching this potential often
requires films that simultaneously feature both large and
easily accessible surface area and highly crystalline pore
walls. Crystalline titania layers are most commonly as-
sembled from crystalline particles by sintering.>* This
approach offers very good control over the phase composition
and the degree of crystallinity, but lacks the possibility to
tune the structure and the porosity. To overcome these
shortcomings, researchers employ molecular/oligomeric pre-
cursors (sols) in a templated sol—gel process.*”’ Thus,
precise control over the porosity by using structure directing
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agents®™!! can be achieved, but the crystallinity of the

resulting TiO, frameworks is usually only moderate and high
calcination temperatures are needed for further crystallization.'>!?
Here we present a novel preparation strategy that not only
combines the strong points of both above-mentioned tech-
niques, but also extends the material’s functionality by
introducing further control over physical properties beyond
the scope of the classical techniques. This is achieved by
the fusion of preformed titania nanocrystals with surfactant-
templated sol—gel titania, which acts as a structure-directing
matrix and as a chemical glue.'* This technique can be
described as a “brick and mortar” approach, a term which
has been introduced for the preparation of composite
materials.'>~!® The uniqueness of our approach consists in
the similar chemical composition of both the “bricks” and
the “mortar”, such that the latter acts as a reactive precursor
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Scheme 1. Formation of Crystalline Mesoporous Titania Films (right side) via the “Brick and Mortar” Approach;
Nanocrystalline Titania “Bricks” (light blue, left side) are Dispersed in Amorphous Titania ‘“Mortar” (grey), Which Is
Periodically Self-Assembled around the Micelles of the Polymer Template (magenta)

for the further growth of the crystalline phase seeded by the the films exhibit high transparency, tunable thickness over
nanocrystals. This synergy leads to a drastically lowered a wide range from tens of nanometers to several micrometers,
temperature needed for crystallization (Scheme 1). Moreover, and strong adhesion to the substrate.

Figure 1. SEM images on silicon substrate (first column), HRTEM images (third column), and the corresponding SAED patterns (second column) of the
composite titania films containing (a) 0, (b) 10, (c) 15, (d) 30, and (e) 100% of titania nanoparticles.
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Table 1. Texture Data of Mesoporous Titania Films

percentage of
nanoparticles S BET“ S B ETb VT()TC V'[()Td D

(%) (m*g) (cm*’cm?  (cm¥g) (mm*cm?  (nm)
0 89 118 0.132 0.010 3—4¢
10 98 0.0086 3—4¢
15 71 110 0.180 0.0107 7.5
30 52 77 0.210 0.013 6—7
50 62 57 0.325 0.0142 10
100 68 - -

“From adsorption isotherms of toluene at 25 °C, using the
cross-sectional area of toluene of 0.314 nm? calculated from the density
of the liquid adsorptive in the bulk liquid state. ® From adsorption
isotherms of krypton at 77 K, using the cross-sectional area of krypton
of 0.210 nm?. The BET surface area was related to the geometrical area
of the support. ¢ From adsorption isotherms of toluene at 25 °C, using
the molar volume of liquid toluene. ¢ From adsorption isotherms of
krypton at 77 K, using the molar volume of solid krypton. The volume
was related to the geometrical area of the support. ¢ Average value for a
bimodal texture (wider cavities with narrow necks). /Isotherm of a
macroporous material. Pore size and volume are not determinable from
Kr sorption experiments. D = pore diameter.

Results and Discussion

The synthesis of the titania nanocrystalline “bricks” was
inspired by a nonaqueous route originally developed by M.
Niederberger at al.!®?* Completely crystalline particles of
4—5 nm in size are formed by the reaction of titanium
tetrachloride with benzyl alcohol at low temperatures (see
Figure SI in the Supporting Information). We found that
the resulting particles redisperse easily in tetrahydrofuran
(THF) at high concentrations exceeding 5 wt % in the
presence of the Pluronic 123 block-copolymer (PEO,-PPO7-
PEQO,y). The latter promotes stabilization of the particles and
acts as a structure directing agent in the film assembly. The
sol of titania “mortar” was prepared by the hydrolysis of
tetraethyl orthotitanate catalyzed by hydrochloric acid.?! For
the preparation of the nanocomposite films, the “mortar” was
added to the colloidal solution of “bricks™ at ratios ranging
from 0 to 100 wt % (related to the total mass of TiO, formed
after calcination). The dip-coated titania films were calcined
at 300 °C in order to induce further crystal growth and to
remove the copolymer.

The results of transmission electron microscopy (TEM),
small-angle X-ray scattering (SAXS, see Figure S2 in the
Supporting Information), scanning electron microscopy
(SEM) images, and physical sorption experiments clearly
show that the introduction of crystalline titania nanoparticles
into surfactant-templated titania precursor sols has a dramatic
influence on the porous structure and crystallinity of the
calcined films. Although the pure sol—gel derived amorphous
films exhibit a well-defined 3D-cubic arrangement of me-
sopores 7 nm in size with a periodicity of 14 nm (Figure
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la), deterioration of the mesostructure occurs upon addition
of small amounts of particles, accompanied by some increase
in the crystallinity (Figure 1b). When the fraction of the
titania nanoparticles exceeds a critical value of 15 wt %, a
channeled, fingerprintlike structure is formed with greatly
increased crystallinity (Figure 1c). A further increase in the
concentration of nanoparticles leads to a phase separation
and coexistence of a channeled structure and domains of a
particulate phase having a different mesoporous structure
(Figure 1d). The latter phase becomes dominant when the
particle fraction exceeds 50%.

Addition of different amounts of titania nanoparticles also
changes the character of porosity (Table 1 and Figure 2). In
pure sol—gel films, the spherical pores are connected with
each other via openings of the ink-bottle type®* with restricted
accessibility. Addition of titania nanoparticles at =15 wt %
induces an increase in pore size and pore volume and an
opening of the pore system. Higher concentrations of anatase
particles lead to the creation of roughly cylindrical mesopores
with a substantially increased size and the complete removal
of pore blocking.

The crystallinity of the films prepared by the “brick and
mortar” approach was found to increase dramatically upon
calcination at the relatively low temperature of only 300 °C.
This development of crystallinity was demonstrated by
quantitative X-ray diffraction using a crystalline standard as
a reference and comparing the (101) anatase peak integral
(Figure 3). As the crystallinity increases much faster than
the percentage of added crystalline particles, the crystalline
building blocks must have induced the crystallization of the
surrounding sol—gel matrix and acted as seeds for the
crystallization of amorphous titania. Above a percentage of
approximately 50%, the crystallinity reaches a plateau that
corresponds to the maximum value of crystallinity.

The titania films prepared by the “brick and mortar”
approach were investigated in some of their most important
applications, namely in photocatalysis and in dye-sensitized
solar cells (DSC).

The photooxidation of NO was selected as a suitable
photocatalytic reaction because of its environmental impor-
tance.”® Low concentrations of nitrogen oxides remaining
in the atmosphere after the burning of fuels present a major
environmental risk in cities. Highly crystalline mesoporous
films of TiO, are especially suitable for the removal of NO
because of their large surface area, as the heterogeneous
photodecomposition processes are dependent on the amount
of surface-adsorbed reactants. The studied films can be
roughly divided into three groups according to their photo-
activity (Figure 4a). The films with a nanoparticle content
of 50—70% are the most active ones, the stationary (steady
state) photoconversion reaching about 9%. Those prepared
without nanocrystals are much less active; the stationary
conversion is only about 4%. Interestingly, the films prepared
exclusively from nanocrystals without any sol—gel “mortar”
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Figure 2. Adsorption isotherms of (a) krypton at 77 K and (b) toluene at 298 K on “brick and mortar” titania films calcined at 300 °C. The labels indicate

the particle content in the initial solution.
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Figure 3. Diagram showing the development of crystallinity in samples
from cast solutions after calcination at 300 °C as a function of the fraction
of nanoparticles in the precursor solution. The data points (average of 3
experiments) were calculated using the internal standard method (see
Experimental Section).?*** In short, the integral of (101) anatase was divided
by that of the standard (111) fluorite, and normalized to the value of the
sample that contains 100% crystalline particles; the error bars indicate the
standard deviation. This is correlated to the formation of different
mesoporous structures as observed by electron microscopy and sorption
methods: distorted cubic mesophase (I), channeled structure (II), and
particulate phase (III). The dotted line shows the theoretical crystallinity
of the films before calcination.

addition also exhibit low conversion efficiency, most prob-
ably due to the lower surface area and less favorable pore
structure. Thus, the “brick and mortar” layers are very
promising materials for photocatalytic applications because
of their high efficiency in the degradation of NO. The
additional advantages of “brick and mortar” layers in this
context are high transparency (see Figure S5 in the Sup-
porting Information) and excellent optical qualities in
combination with strong adhesion to the substrate. This
makes them attractive candidates for large-area coatings on
glass panels and windows in buildings, where mechanical
stability and transparency are essential.

A similar nonlinear change in performance was also
observed for photovoltaic cells fabricated from films with
different particle content (panels ¢ and d in Figure 4 and
Table S1 in the Supporting Information). The films prepared
from a sol—gel precursor without particles exhibit very low

(25) Galloway, J. N.; Townsend, A. R.; Erisman, J. W.; Bekunda, M.; Cai,
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photocurrent and conversion efficiency. The performance
increases more than 7-fold when 15 wt% of nanocrystals
are added to the initial solution, and still improves with a
further increase in particle content. This effect, similar to
that observed for the photocatalytic performance, clearly
reflects the drastic changes in the degree of crystallinity of
the titania material. It is supported also by the photocurrent
transient studies (see Figure S3 in the Supporting Informa-
tion), which indicate electron collection problems due to the
insufficient crystallinity of titania layers containing less than
30% particles. We note that TiO, films prepared from 100%
nanoparticles exhibit much worse photovoltaic efficiency in
spite of their complete crystallinity, the former being about
45% lower than the values for the films containing 30%
nanocrystals. The mild calcination temperature of 300 °C is
apparently not sufficient for sintering the particles via solid-
state diffusion. In contrast, the fast viscous sintering of the
amorphous sol—gel (mortar) component followed by its
crystallization enables efficient fusion of the particles and
provides the necessary electrical contact. The binding role
of the sol—gel component also becomes evident in the
obvious difference in the mechanical stability of the nano-
composite films. While the 100% particulate films are rather
fragile and easily scratched off the substrate, films containing
the sol—gel precursor are much more robust and mechani-
cally stable.

Films with widely varying thickness can be prepared by
the “brick and mortar” approach. The coating procedure can
be repeated several times leading to a linear increase in
thickness, surface area and pore volume without any
significant change in the nature of the porosity. This feature
is drastically different from the classical sol—gel templated
films. For the latter, the surface area and pore volume can
be increased at maximum by 4—5 times compared to a single
coating, whereas further coating/calcination cycles lead to a
degradation of the porous system.?”-3

As expected, the photovoltaic efficiency is improved after
increasing the thickness of the titania layer. The optimum
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Figure 4. Photocatalytic degradation of NO on titania films with different particle content: (a) steady-state conversion efficiency and (b) cross-sectional
STEM-HAADF image of one of the highly photoactive films containing 50% of titania particles. Inset: Fourier transform of the picture revealing the regular
pore shape. (c) Photocurrent—voltage curve and (d) dependence of conversion efficiency of DSC devices based on the “brick and mortar” titania layers with
a nanoparticle content ranging from 0 to 100 wt %, D205 sensitizer, and Z646 electrolyte.?® The titania layer thickness was ca. 1.0 um. The photovoltaic
performance was measured at air mass 1.5 (100 mW/cm?) full sunlight illumination. The active cell area was 0.158 cm?.

performance was found for films prepared using 80 wt %
anatase nanoparticles. The cell based on such a film with
2.7 um in thickness gives, under standard global AM 1.5
full sunlight (100 mW/cm?) illumination, a short circuit
photocurrent density (Ji) of 10.7 mA/cm?, an open circuit
potential (V,.) of 745 mV, and a fill factor (FF) of 0.75,
yielding a total conversion efficiency of 6.0% (see Figure
S4 in the Supporting Information). This is impressively high
for such thin films in combination with a nonvolatile
electrolyte and makes them serious candidates for photoan-
odes in dye-sensitized solar cells.

In conclusion, the “brick and mortar” approach for the
formation of mesoporous crystalline materials shows a
striking synergy in the interactions of crystalline and
amorphous components. The distinctive feature of this
approach is the ability to create highly porous and highly
crystalline structures at very mild conditions. A broad variety
of mesostructures is accessible using the same organic
template, and the final structures are tunable by varying the
fraction of the “bricks”. This attractive strategy offers new
opportunities for the design of nanostructured materials with
enhanced functionality through various architectures with
large accessible porosity and high crystallinity.

Experimental Section

Titanium dioxide nanoparticles were synthesized following a
modified procedure by Niederberger et al.!® Titanium tetrachloride
(1.5 mL, 13.7 mmol) was dissolved in toluene (10 mL) and added
to benzyl alcohol (30 mL, 291 mmol) under continuous stirring.
The solution was kept at 60 °C for 20 h, then cooled down to room
temperature. The particles were separated by centrifugation at 50000
rcf for 30 min and used without further treatment. As such, the

particles contain about 55 wt % benzyl alcohol according to
thermogravimetric analysis; this was taken into account for the
adjustment of the TiO, content.

In a typical synthesis, a solution of Pluronic P123 (0.2 g, 0.04
mmol) in THF (4 mL) was added to nonwashed particles (0.2 g,
1.1 mmol of TiO,, previously separated by centrifugation) and
stirred overnight until the particles were homogeneously redispersed.
Subsequently, the desired amount of sol—gel (SG, see below)
solution (for example, 0.9 mL, with 2.51 mmol of TiO,, for
the solution containing 30% particles) was added, followed by
stirring for several minutes. The final solutions were transparent
or translucent, and yellow to orange in color. The SG solution was
prepared by adding hydrochloric acid (37%, 5.1 mL, 62.1 mmol)
to tetraethyl orthotitanate (7.2 mL, 34.3 mmol) at room temperature
under continuous stirring.

The mass ratio of nanoparticles to the sol—gel precursor was
varied, but the total amount of TiO, was kept at 0.4 g (5.01 mmol).
The Pluronic P123 content in the dip-coating solution was 50 wt
% with respect to the total mass of TiO,. As an example, the amount
of TiO, in the solution containing 50% particles was 8.1 wt %.
The films were prepared by dip-coating at 23 £ 2 °C and a relative
humidity of 45 £ 10% at a withdrawal rate of 1.8 mm/s, and
calcined at 300 °C (with a ramp of 0.6 °C min~!) for 30 min.

Scanning electron microscopy (SEM) was performed on a JEOL
JSM-6500F scanning electron microscope equipped with a field
emission gun, at 4 kV. High-resolution transmission electron
microscopy (HRTEM) and scanning transmission electron micros-
copy in high-angle annular dark-field mode (STEM-HAADF) was
performed using a FEI Titan 80—300 equipped with a field-emission
gun operated at 300 kV. The particulate samples were prepared by
evaporating a drop of a diluted solution of particles with small
amounts of Pluronic P123 in THF on a Plano holey carbon-coated
copper grid. HRTEM of films was carried out by scraping the thin-
film samples off the substrate onto a holey carbon-coated copper
grid. The film thickness was measured by profilometry (Dektak),
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ellipsometry using a Woolam ESM-300, and SEM. The porosity
of the films was determined by the analysis of adsorption isotherms
of Kr at the boiling point of liquid nitrogen (approximately 77 K)
using an ASAP 2010 apparatus (Micromeritics). The toluene
adsorption was carried out using a self-built Quartz Crystal
Microbalance (QCM) system. For this purpose, the precursor
solutions were spin-coated (3000 rpm, 30 s) on KVG 10 MHz QCM
devices with gold electrodes (from Quartz Crystal Technology
GmbH) and calcined at 300 °C. Toluene was used as an adsorptive
and the measurements were performed at 25 °C. Raman spectra
were recorded with a LabRAM HR UV —vis (Horiba Jobin Yvon)
Raman microscope (Olympus BX41) with a Symphony CCD
detection system using a HeNe laser at 632.8 nm. The spectra were
taken from material removed from the substrate. X-ray diffraction
analysis was carried out in reflection mode using a Scintag XDS
2000 (Scintag Inc.) with Ni-filtered Cu Ko-radiation.

The quantitative crystallinity measurements were performed using
the internal standard method with fluorite, CaF,, as internal
standard.?*?* For this purpose, the dip-coating solutions were cast
into a wide calcination vessel, dried overnight at 60 °C, and calcined
at 300 °C (with a ramp of 0.6 °C min~") for 30 min. The resulting
film or powder was ground and thoroughly mixed with 10 wt% of
fluorite. X-ray diffraction patterns were recorded using a STOE
STADI P COMBI diffractometer. The diffraction peaks of (101)
anatase and (111) fluorite were fitted with a Gaussian peak shape
and integrated. The integral of (101) anatase was divided by that
of (111) fluorite. This crystallinity value was normalized to that of
the 100% particles sample, which after calcination is considered
to be completely crystalline. The data points correspond to an
average of three samples. The error bars indicate the standard
deviation from the average.

The experimental setup for the photocatalytic tests consisted of
a gas supply part, the photoreactor, and a chemiluminiscent
NO—NO, gas analyzer (Horiba ambient monitor APNA-360). The
gaseous reaction mixture was prepared by mixing streams of dry
air (1500 mL/min), wet air (1500 mL/min, relative humidity of
100%), and 50 ppm NO/N, (approximately 60 mL/min), in order
to obtain a final concentration of NO of 1 ppm at a relative humidity
of 50%. The photoreactor was illuminated by four 8 W black lights,
thus achieving a UV light intensity of 1 mW/cm?. Prior to the
photocatalytic tests, the photoreactor was purged with the NO/water
vapor/air mixture without illumination until a steady NO concentra-
tion was achieved at the outlet. 100% NO conversion is equivalent
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to a photonic efficiency of § = 0.14% assuming a mean irradiation
wavelength of 350 nm. The photonic efficiency was calculated on
the basis of all the incoming light of the intensity of 1 mW/cm?.

For photovoltaic measurements, the mesoporous TiO, films on
FTO-coated glass substrates were heated at 200 °C for 30 min,
cooled to ca. 80 °C, immersed into the dye solution at room
temperature, and kept there for 16 h. The dye solution containing
0.3 mM indoline dye D205 (molar extinction coefficient of 53000
at 532 nm) in acetonitrile and ferz-butyl alcohol (volume ratio 1:1)
was used to sensitize the photoanode.” Dye-coated mesoporous
TiO, films were assembled and sealed with a thin transparent hot-
melt 25 um thick Surlyn ring (DuPont) to the counter electrodes
(Pt on FTO glass, chemical deposition from 0.005 M hexachloro-
platinic acid in isopropanol, heated at 400 °C for 15 min). The
electrolyte was injected into the inner electrode space from the
counter electrode side through a predrilled hole, and the hole was
then sealed with a Bynel sheet and a thin glass cover slide by
heating. The nonvolatile electrolyte (Z646) contains 1.0 M PMII
(propylmethylimidazolium iodide), 0.15 M iodine, 0.1 M GuNCS
(guanidinium thiocyanate), and 0.5 M N-butyl benzimidazole (NBB)
in 3-methoxypropionitrile.?® The device assembly, the characteriza-
tion of current density—voltage and incident photon to current
conversion efficiency (IPCE) of the DSCs are described in detail
elsewhere.?
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