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Abstract

SBA-15 mesoporous silica thin films encapsulating Degussa P-25 TiO, particles were synthesized using a block copolymer templating method.
The films were dip-coated onto ITO conducting glass substrates to allow for photovoltaic analysis. Structural characterization of the films was
performed using X-ray diffraction (XRD) and transmission electron microscopy (TEM). The electrodes were placed in photovoltaic cells and
irradiated with long wavelength UV (~365 nm) radiation. Photovoltaic efficiencies were determined to be in the range 8.0 x 10~* to 0.26%. An
increase in efficiency of approximately 44% was found for mesoporous silica samples encapsulating TiO, particles over non-porous silica films

containing TiO,.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Titanium dioxide (TiO;) has been of interest for many poten-
tial applications due to its high photocatalytic activity compared
with other semiconductors. While undergoing photolysis, TiO»
has been shown to effectively photodegrade organic wastes for
water remediation [1-3] and has been shown to be potentially
applicable for photovoltaic purposes [4—7].

A considerable amount of research has examined the use of
TiO; in the field of photovoltaics as a substitute for silicon in
solar cells [8—18]. These solar cells typically use a dye sensi-
tizer in order to inject electrons into the conduction band of the
semiconductor, thereby decreasing the band gap energy, and so
allowing solar radiation to drive charge transfer. Gratzel and co-
workers have shown that these TiO;, dye-sensitized solar cells
can provide efficiencies above 10% [11,14-17], which is com-
parable to crystalline silicon solar cells. Other semiconductors,
such as zinc oxide and tin oxide, have been examined for their
photovoltaic properties in solar cells [19-22].
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It has been shown that mixed phase titania catalysts are
more photoactive than the pure phase catalysts [23]. Degussa
P-25 TiO, is a highly photoactive form of TiO, composed of
20-30% rutile and 70-80% anatase TiO,. The particles range
in size from 12 to 20 nm. Titanium dioxide has a band gap of
3.0-3.2 eV, which corresponds to a wavelength of 380—400 nm.
Therefore, any wavelength below 380 nm can excite electrons
in the valence band of the semiconductor to the conduction
band, allowing for charge transfer. There has been interest in
studying the effect of incorporating multiple forms of titania
with mesoporous silica for various applications [24-32]. How-
ever, many of these methods involve the use of less photoactive
forms of titania, such as anatase, or only apply the particles to
the surface of the mesoporous silica which can limit the over-
all density obtainable for the photocatalyst and which has the
potential for significant particle loss because of the absence of
covalent bonding. The encapsulation of a highly photoactive
P-25 titanium dioxide within a thin film of mesoporous sil-
ica with a 2-10nm pore size could provide advantages, which
will be discussed. To the best of our knowledge, there are no
previous reports of incorporation of photoactive nanoparticles
into an ordered mesoporous matrix for photovoltaic applica-
tions.



W.A. Adams et al. / Journal of Photochemistry and Photobiology A: Chemistry 181 (2006) 166—173 167

The combination of surfactants and polymers with sol—gel
methods to synthesize silica has been shown to be a useful
means to produce ordered mesoporous silica thin films [33-38].
SBA-15 is a form of mesoporous silica (SiO,) synthesized
using a sol-gel method combining a silicon alkoxide with a
block co-polymer to act as a template for the formation of
hexagonally ordered arrays of pores [35,36,39]. In this process,
the silicon alkoxide undergoes hydrolysis to produce silicic acid
and oligomers of silicic acid. After hydrolysis, condensation
will occur. It is necessary for the pH to be low in order for
condensation to occur slowly. The slow rate of condensation
allows time for the templating polymer to organize into
hydrophobic and hydrophilic domains. The silicate polymers
solubilize within the hydrophilic domains of the polymer and
condense. Solvents are added to the silicate/polymer solution
to spread the solution and aid in slowing the condensation.
The pores within the silica will often align themselves in a
thin film parallel to the surface of the substrate due to shear
forces applied during preparation and inherent interface effects
[35,36]. Thin film templated mesoporous silica is expected to
allow faster counterion diffusion and to produce an increase in
surface area compared with non-porous thin films.

This work focuses on samples with various amounts of
Degussa P-25 TiO; encapsulated in SBA-15 mesoporous silica
thin film matrices on ITO glass substrates and their applica-
tion to photoelectrochemical studies. Of particular interest is
the photovoltaic comparison of electrodes containing porous
and non-porous films of silica encapsulating P-25 TiO, parti-
cles. The addition of an ordered porous network encapsulating
highly photoactive titania should allow for faster diffusion of
counterions in solutions and an increased photoactive surface
area available for a more efficient photoconversion compared to
non-porous films of pure titania.

The setup of the photochemical cell used in this study follows
the photosynthetic cell type, which would involve photovoltage
production due to electron—hole migration with a water cleavage
mechanism completing the circuit. With this type of photo-
voltaic device, the semiconductor, when irradiated, produces
electron—hole pairs. The electrodes in this study are irradiated
using a UV light source. This allows for charge transfer to occur
under direct photolysis conditions without the use of a dye sen-
sitizer. The use of a dye sensitizer would be expected to allow
the use of longer wavelengths, such as visible radiation. How-
ever, this would seriously complicate interpretation of the data
since the dyes used would be expected to partition between the
mesoporous silica and the TiO; particles. Hence, it would not
be possible to evaluate the effect of using a mesoporous matrix.
The electrons generated within the semiconductor due to the UV
irradiation tend to migrate to the conducting substrate, while the
positively charged holes tend to migrate to the surface of the
semiconductor. The electrons then travel through the external
circuit to the counter electrode. In order to complete the circuit,
we would expect that water is oxidized at the semiconductor sur-
face to produce oxygen and reduced at the counter-electrode to
produce hydrogen [18,40]. The experimental method used in this
study follows photoelectrochemical analysis methods reported
by Quickenden et al. [41,42]. Structural characterization of the

films was carried out using X-ray diffraction (XRD) and trans-
mission electron microscopy (TEM) to establish the formation
of the mesoporous silica and to examine the incorporation of
the P-25 TiO» particles in the mesoporous silica films. The pho-
tovoltaic efficiency was determined for all samples using the
power produced by the various electrodes and compared with
TEM and XRD data.

2. Experimental
2.1. Materials

For the SBA-15 synthesis, tetraethyl orthosilicate (TEOS,
98% Aldrich), poly(ethylene oxide)—poly(propylene oxide)—
poly(ethylene oxide) block copolymer (Pluronic® 123, BASF),
and P-25 titanium dioxide (Degussa) were used as received. Con-
centrated HCI (Fisher) in deionized water (pH 1-2) and 100%
ethanol (Aaper) were available.

For the photovoltaic measurements, potassium chloride (ACS
reagent, Sigma—Aldrich) was used as received. Standard indium
tin oxide (ITO) glass plates were cut using a diamond wheel and
cleaned using an acid/base wash. Reticulated vitreous carbon
wafers (ERG) with an area of 5.25 in? (33.87 cm?) were used as
counterelectrodes.

2.2. Instrumentation

X-Ray diffraction data for film characterization was col-
lected on a Philips X-ray diffractometer using Cu Ka radiation
(A=1.5406 A). Samples of the thin films were scraped off the
ITO glass with a razor blade and washed onto a holey carbon
TEM grid using ethanol as the solvent and examined by trans-
mission electron microscopy using a JEOL 2000F transmission
electron microscope operating at 200kV. The digital images
were acquired and processed using a Gatan MultiScan 600CW
CCD. Characterization by UV-vis spectroscopy was carried out
using a Cary 50 scan UV-vis spectrophotometer.

The film thicknesses were determined using an FEI Quanta
3D duel beam scanning electron microscope (SEM). All pho-
tovoltaic measurements were collected using a Cole-Parmer
Instrument Company model 8373-10 chart recorder. The lamp
used for sample irradiations was a Spectroline Longwave 365 nm
UV lamp.

2.3. Photoelectrochemical cell

The photoelectrochemical cell was setup using mesoporous
silica thin films encapsulating TiO; particles coated on indium
tin oxide (ITO) glass as the working electrode, and a reticulated
vitreous carbon rectangle as the counter electrode. The elec-
trodes were placed in a beaker and were immersed in a 0.1 M
KCl solution at pH 3.5, so that 1.378 in (3.5 cm) of the electrode
was immersed in solution. This provided a total area of 7.0 cm?
for all photovoltaic measurements. The electrodes were spaced
0.75 in (1.905 cm) apart. The cell was then connected in parallel
with a decade resistance box and the chart recorder.
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A Woods glass filter was placed between the lamp and the
photoelectrochemical cell to allow for UV light to pass while
blocking visible light. The lamp used was placed 2.598 in
(6.6cm) from the working electrode at the center of the long
axis of the lamp.

2.4. Synthesis of SBA 15/P-25 thin films on ITO glass

The synthesis of SBA-15 is a sol-gel process and the proce-
dure is outlined by Alberius et al. [35]. The synthesis of the SBA-
15/P-25 thin films was carried out using the procedure described
in our earlier work [39]. The amount of P-25 included in the pre-
cursor solution, referred to as the loading, was varied between 1
and 70 wt.% of the total weight of silica and P-25. The material
was coated using a dip-coater at a rate of 1 mm/s onto vari-
ous substrates to form thin films. The substrates included glass
slides for XRD analysis and 2cm x 5 cm (0.787 in. x 3.937 in.)
ITO glass slides for the photovoltaic experiments.

3. Results and discussion
3.1. Characterization

3.1.1. XRD

X-Ray diffraction over the range 0-5° was used to detect the
presence of an ordered structure within the SBA-15/P-25 thin
films. A detailed description of this method can be found in
Adams et al. [39].

An XRD spectrum was taken for each of the thin film sam-
ples ranging from 1 to 70 wt.% P-25 TiO; in mesoporous silica.
Fig. 1 shows a typical XRD spectrum from a 10 wt.% TiO; in
mesoporous silica thin film. Peaks at 1.52° and 2.93° are visible,
corresponding to the [100] and [200] lattice peaks, respec-
tively, consistent with hexagonal ordering [35,36]. Fig. 2 shows
the d-spacing calculated from the position of the [1 0 0] peak as a
function of wt.%. The figure shows that the d-spacing increases
with increasing wt.%. The plot was well fit to an exponential
function, however, this is purely empirical and not based on any
particular model. The increase in d-spacing indicates that the
incorporation of P-25 TiO» particles does affect the pore to pore
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Fig. 1. X-ray diffraction pattern of 10 wt.% P-25 TiO, encapsulated in meso-
porous silica thin film showing the crystal lattice peaks.
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Fig. 2. Plot of d-spacing determined by X-ray diffraction vs. wt.% P-25 TiO2
encapsulated in mesoporous silica thin films. The data is fit as an exponential to
guide the eye.

spacing within the mesoporous silica matrix. As the concentra-
tion of particles increases, the distance from the center of one
pore to the center of the next increases.

3.1.2. TEM

Thin films of SBA-15 encapsulating varying amounts of P-
25 TiO; (1-70 wt.%) were examined using transmission electron
microscopy. In Fig. 3, pores within the silica and the P-25 TiO,
particles can be seen. Aggregation among the TiO, particles is
evident as clumps of particles of various sizes, with the over-
all size and number of clumps increasing as the concentration
of particles increases. The particle aggregations are distributed
over the entire area of the thin film. It appears that the addition
of the P-25 particles does have some effect on the size of the
hexagonally ordered domains of pores within the silica, which
are observed to decrease in size with increasing TiO,. The pres-
ence of the TiO; particles makes it difficult to determine the
degree of ordering within the higher TiO, load samples, and
so it is not possible to determine if the degree of ordering also
decreases. The decreasing domain size is consistent with XRD
data that shows a trend in decreasing peak intensity as the TiO,
particle concentration increases. The inclusion of the particles
does not seem to prevent the formation of pores, although it does
become more difficult to observe the presence of the pores in
the TEM images, as the concentration of TiO; increases. In the
TEM images, it is evident that the pores generally appear to ter-
minate at the surface of the TiO, particles. However, it can also
be seen that some of the pores bend around TiO; particles.

3.1.3. Film thickness versus titania loading

An environmental scanning electron microscope (ESEM)
was used to examine cross-sections of mesoporous silica thin
films encapsulating various amounts of TiO; particles in order
to determine the film thicknesses. The results of the analysis can
be seen in Fig. 4. The plot shows an increase in film thickness as
the concentration of P-25 TiO; particles increases. This increase
in thickness is likely due to the increase in P-25 TiO, particles
causing changes in the viscosity of the solution, thereby chang-
ing the coating characteristics of the films during the sample
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Fig. 3. Transmission electron microscope images of (a) 10 wt.%; (b) 20 wt.%; (c) 30 wt.%; (d) 50 wt.%; (e) 60 wt.%; and (f) concentration of particles 70 wt.% P-25

TiO, encapsulated in mesoporous silica thin films.

preparation. As seen in the TEM images, the increased loading
of TiO, particles causes an increase in the aggregation of par-
ticles. The ESEM images suggest that this is accompanied by
an increase in surface roughness. The presence of thicker films
could adversely effect the electron conduction by increasing the
distance the electron must travel to reach the conductor. Thicker
films might also increase the amount of light absorbed within
the electrode, however, UV absorption measurements indicate
that by 12 wt.% loading only a relatively small (8%) portion of
365 nm light is transmitted by the electrode.

3.2. Photovoltaic experiments

3.2.1. Woods glass and UV lamp profile
The spectral profile for the UV lamp used in the experi-
ment with and without the Woods glass filter can be seen in

Fig. 5. The Woods glass was used to prevent any visible light
from interfering with the photovoltaic measurements, as Woods
glass is a commercially available UV pass/visible block fil-
ter. The spectral range for the experiment was approximately
300—410nm, with the maximum intensity at a wavelength of
352 nm. All photovoltaic measurements for the determination
of photovoltaic efficiency were analyzed using the Woods glass
filter.

The total integrated power measured for the lamp without any
filters was 4941 pW/cm?. The measurements were performed
using a reference ultraviolet spectroradiometer. The input optic
was a 15.24cm (61n.) spectral on integrating sphere with a
2.54 cm (1in.) diameter input port. The measurements were at
1 nm resolution.

The total integrated power of the lamp using the Woods glass
filter was determined to be 3078 wW/cm?.
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Fig. 4. Plot of film thickness of mesoporous silica encapsulating P-25 TiO; vs.
wt.% P-25 TiO, encapsulated in mesoporous silica thin films.
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Fig. 5. Sperctral profile of UV lamp with a Wood’s glass filter (—) and without
a filter (——-).

3.2.2. Photovoltaic efficiency

The potential was measured for each of the electrodes con-
taining varying loadings of P-25 TiO; encapsulated in meso-
porous silica thin films. Initially, the potential dropped in inten-
sity immediately after reaching a maximum potential and so
each sample was allowed to come to equilibrium. The maximum
potential was taken from the point at which the cell potential sta-
bilized. The drop in potential increased in rate and magnitude
as the power output and TiO; loading of the different electrodes
increased. It is believed that this drop could be due to surface
charge effects caused by accumulation of positively charged
holes at the surface of the TiO» particles. The potential stabiliza-
tion would be due to an equilibrium occurring between the rate
of transfer of holes to the surface and the rate of electron per-
colation through the TiO,. From the stabilized potential values,
the maximum power output for each of the electrodes was cal-
culated using a plot of the potential difference versus the current
applied to the cell (V versus /). Fig. 6 shows the voltage versus
current curves of three different electrodes of varying wt.% of
TiO; encapsulated in mesoporous silica. From these plots, the
point at which a rectangle achieves maximum area is calculated.
This point is the maximum power output of the electrode and
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Fig. 6. Voltage vs. current curve for (a) 10 wt.%; (b) 40 wt.%; and (c) 70 wt.%
P-25 TiO, encapsulated in mesoporous silica.

can be determined graphically by a plot of the potential squared
versus the current applied to the cell (V? versus I).

In order to determine the photovoltaic efficiency of the cell,
the maximum power output of the cell is divided by the maxi-
mum power input from the lamp. The overall power of the lamp
was determined to be 3078 wW/cm?”. The power input from the
lamp is distributed over the entire irradiated surface of the elec-
trode, 7.0 cm?. Therefore, the total power input for the electrode
is 215,48 wW. An initial dark voltage of approximately 50 mV is
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Table 1
The effect of P-25 TiO; wt.% on the maximum power output and photoefficiency

Weight % Maximum power Photovoltaic

P-25 TiO, output (LW) efficiency (%)
1 0.18 8.0x 10~

10 4.14 1.9 x 1072

20 6.63 3.1 x1072

30 115 53 x 1072

40 24.89 0.12

50 38.28 0.18

60 44.65 0.21

70 55.94 0.26

observed during the setup of the photovoltaic cell. However, the
dark voltage is checked and zeroed out at the beginning and end
of each experimental run. The photovoltaic efficiencies for the
varying loading of P-25 TiO; can be calculated and are shown
in Table 1.

A plot of the power output versus wt.% can be seen in
Fig. 7. There appears to be a nonlinear trend as the P-25 loading
increases, the power output increases more than proportionally.
There was no clear correlation between d-spacing versus TiO»
wt.% and power output versus TiO, wt.%, although, both d-
spacing and power increased with increased TiO, loading.

Studies of the photoactivity of P-25 TiO, particles encapsu-
lated in mesoporous silica found that sonication decreased par-
ticle aggregation and increased photoactivity by 4.2% (Adams
et al., 2003, unpublished data). Accordingly, the effect of soni-
cation on the photovoltaic properties was assessed.

Several samples were prepared in which the sol—gel solutions
used to make the thin films were sonicated for 1 h immediately
after adding the P-25 TiO, particles. All other steps in the syn-
thesis were followed in the same manner as the samples not
sonicated and subsequently analyzed in the same manner as
well. The sonicated electrodes were compared with electrodes
not sonicated, and a difference of less than 2% was observed
between the two samples. Therefore, it appears that if the sonica-
tion was producing better distribution of the P-25 TiO, particles,
the resulting power increase is not significant.

60

0O 10 20 30 40 50 60 70 80
Wt% P-25 TiO2

Fig. 7. The effect of P-25 TiO;, wt.% in mesoporous silica thin film on the power
output of the photovoltaic cell.

3.2.3. Correlation of samples using mesoporous and
non-porous samples

The potential and power measurements were conducted using
varying loadings of P-25 TiO, encapsulated in non-porous sil-
ica. Three loading values were selected for the comparison, 10,
40, and 70 wt.%. This data set provided a survey range for the
previous mesoporous silica power measurement experiments.

The power output for each of the non-porous silica samples
was compared with the mesoporous silica samples. It was found
that there was not a strong correlation between improvement in
efficiency and wt.% among the samples, but the average increase
in efficiency due to using mesoporous silica was 44 + 38%. The
error included is the 95% confidence limit, and although high,
does indicate that there is a significant increase in efficiency due
to the addition of mesoporosity.

3.2.4. Neutral density filter saturation analysis

Due to the high total energy of the UV lamp, it was necessary
to ensure that the electrode was not being saturated by the amount
of power being input into the photochemical cell from the UV
lamp. To measure this, a neutral density filter determined to
transmit 42.3% of the light was placed between the lamp and
the photovoltaic cell in order to allow a known amount of light
able to reach the cell.

A 40 wt.% P-25 TiO; encapsulated in a mesoporous silica
thin film electrode was examined and analyzed using our stan-
dard procedure while using the neutral density filter. The total
power output of the filtered system was found to be 41.7% of
the non-filtered system. The difference between the amount of
light being transmitted and the power drop caused by the filtered
light was 1.5%. Therefore, it is clear that the photoelectrode is
not being saturated.

4. Conclusions

SBA-15 thin films encapsulating varying loadings of P-25
titanium dioxide particles were synthesized and dip-coated onto
ITO glass electrodes for photovoltaic analysis. The films were
shown to be ordered and mesoporous using XRD and TEM tech-
niques. Photovoltaic data showed that the mesoporous thin films
achieved an overall photovoltaic efficiency range of 8.0 x 10~#
to 0.26% under direct photolysis conditions. It was also shown
that there was a significant (44 4+ 38%) increase in photovoltaic
efficiency for mesoporous silica compared to non-porous silica
media.

Mesoporous silica was chosen as the matrix due to the ease
with which it can be synthesized. It is, however, an insulator. This
may be why only modest increases in power output are seen in
comparison with using a non-porous silica matrix. However, it
is possible that by encapsulating TiO; particles into conducting
mesoporous matrixes, such as SnO;, higher power efficiency
could be produced. Likewise, by altering the encapsulated par-
ticle, the power efficiency and light harvesting properties of the
matrix could be tuned. We believe that by incorporating nanopar-
ticles in a mesoporous matrix, we have developed a system with
significantly increased flexibility.
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