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Partly ordered mesoporous titania films with anatase crystallites incorporated into the
pore walls were prepared at low temperature by spin-coating a microemulsion-based
reaction solution. The effect of relative humidity employed during aging of the
prepared films was studied using SEM, TEM, and grazing incidence small angle
X-ray scattering to evaluate the mesoscopic order, porosity, and crystallinity of
the films. The study shows unambiguously that crystal growth occurs mainly
during storage of the films and proceeds at room temperature largely depend-
ing on relative humidity. Porosity, pore size, mesoscopic order, crystallinity, and
photocatalytic activity of the films increased with relative humidity up to an
optimum around 75%. C 2014 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063/1.4899117]

The last decades have seen photocatalysis emerge as an appealing alternative for solar energy har-
vesting,1 carbon dioxide reduction,2 removal of organic pollutants,3 and self-cleaning surfaces. The
ability to completely degrade organic pollutants into carbon dioxide and water makes photocatalysis
an attractive alternative for purification of contaminated waters and air. Solar energy is abundant on
the surface of the Earth, and the prospect of using photocatalysis for conversion of solar energy into
energy carriers such as hydrogen or methanol is appealing in a world faced with an increasing demand
for sustainable energy systems. Since the first discovery by Fujishima and Honda,1 titania is the most
extensively investigated of all photocatalysts. Titania exists mainly in the three polymorphs anatase,
rutile, and brookite. Of these, anatase is generally considered to be the most photocatalytically active3

although rutile has been found to exhibit significant activity,4 while amorphous titania shows low or
no activity.5 The photocatalytic activity of brookite is less investigated due to difficulties in synthe-
sizing phase-pure brookite. However, some reports show that brookite displays high photocatalytic
activity.6,7

In the early nineties, researchers at Mobil oil reported a new concept for preparing ordered meso-
porous materials. Using supramolecular surfactant assemblies as templates, hexagonal (MCM-41),
cubic (MCM-48), and lamellar (MCM-50), mesoporous silicas were synthesized.8,9 Further devel-
opment of these systems made tuning of pore size possible by using large amphiphilic block co-
polymers.10–14 These types of materials have received much interest from the research community due
to the numerous potential applications in, e.g., separation technology, drug release, and heterogeneous
catalysis. Nowadays, a plethora of ordered mesoporous materials with different elemental compo-
sitions and structural properties have been reported. Transition metal oxide-based materials consti-
tute one of the most interesting families of ordered mesoporous materials and it has attracted much
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attention due to the possibly unique properties of these materials. Mesoporous titania has received
special attention for photovoltaic and photocatalytic applications where large specific surface area,
controllable pore size and morphology, and high interparticle connectivity are desired properties.

Antonelli et al. were the first to synthesize mesoporous titania using a surfactant-templated
process.15 Typically, such prepared mesoporous titania exhibits amorphous pore walls due to the
low temperature nature of templated syntheses since temperatures in excess of 350 ◦C are usually
needed to achieve crystallization of the pore walls.16,17 For photocatalytic applications, crystalline
titania is much preferred. However, the stability of ordered mesoporous titania at such high temper-
atures is often too low, which results in loss of the meso-ordered structure and even collapse of the
pore structure.16 Low temperature synthesis routes are rare and typically require specially tailored
titania precursors.18–20 In an effort to bypass the crystal growth-induced collapse of the mesoporous
structure, mesoporous and ordered mesoporous materials have been prepared by surfactant-assisted
co-assembly of nanoparticles.21,22 However, this method results in low interparticle connectivity,
which reduces the photovoltaic and photocatalytic efficiency of these materials.21

Recently, Nilsson et al. reported a direct low temperature synthesis route for hexagonally or-
dered mesoporous titania films with anatase crystallites incorporated in the pore walls based on
commercial titania precursors.23 Crystallites were formed and grown in a reverse micellar solu-
tion containing a triblock copolymer, which was later spin-coated onto a glass substrate utilizing
the evaporation induced self-assembly (EISA) process24 to form a liquid crystalline phase. The
fundamentals of titania crystallization and its impact on the formation of mesophases in this new
and unique system have been outlined in two recent studies.25,26 These studies suggest that crystal
growth not only occurs in the formed reversed micellar solution but also continues within the
hydrophilic domains of the liquid crystal template formed in the film preparation process. They
also show that crystallinity and type of crystal polymorph formed are highly sensitive to common
synthesis parameters such as reaction time and pH. This crystal formation and growth process, at
or near room temperature, clearly distinguishes this synthesis approach from previously employed
synthesis routes since it allows for tailoring titania properties by tuning synthesis variables not
otherwise available. The prospects of such a synthesis are interesting as it offers the possibility to be
tuned to different crystal polymorphs, crystallite sizes, crystallinities, and mesostructures.

It has been shown that a mixture of anatase and rutile is most beneficial for photocatalytic
activity.27 However, the difficulties in preparing pure ordered mesoporous titania with pore walls
fully or partly consisting of rutile via high-temperature routes have so far not been surmountable.
Low-temperature crystallization routes to ordered mesoporous titania may offer means to pore walls
consisting of the high-temperature polymorph rutile, while still retaining the integrity of the ordered
pore structure. Therefore, it is vital to understand the details of the formation mechanism and the
parameters affecting this synthesis for further development of tailored materials.

The photocatalytic activity of ordered mesoporous titania films has been studied earlier.28–32

However, these studies have this far mainly been restricted to materials in which crystallization of
the pore walls was achieved by high-temperature treatment. Recently, we studied the photocatalytic
properties of ordered mesoporous films with anatase crystallites in their pore walls prepared at
low temperature and investigated the impact of storage time of the reaction solution prior to film
formation.25 The films showed an increased photocatalytic activity with an increased storage time,
ascribed to a larger degree of crystallinity and crystallite size. Although the degree of mesoporosity
is important in providing access to high specific surface area and facile transport of reactants and
products to and from the catalyst surface, the degree of order of the mesopores appeared less
important than crystallinity for the photocatalytic performance of the films.

Studies of other types of surfactant-templated titania films have revealed the importance of
water present both in the synthesis mixture and in the surrounding environment. Thus, the relative
humidity (RH) has been found an important parameter during formation and subsequent storage of
those materials.17,33 To date, the effect of RH during aging of ordered mesoporous titania films pre-
pared as reported by Nilsson et al., has not yet been investigated. In the present work, we show that
the relative humidity applied during aging of mesoporous TiO2 films prepared using this method has
strong effects on crystallinity, mesoscopic order, and morphology of the films. We also relate the
variations in these properties to differences in their photocatalytic activity.
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Nonionic ethylene oxide (EO) propylene oxide (PO) ethylene oxide (EO) triblock copol-
ymer Pluronic™ F-127 (EO100PO70EO100, Mw = 12700 g/mol), hydrochloric acid (37%), titanium
n-butoxide (97%) were all purchased from Sigma Aldrich, and ethanol (99.5%) was purchased
from Solveco and used in the synthesis of titania films as previously reported by Nilsson et al. but
under different conditions of relative humidity.23 In a typical synthesis, a reverse micellar phase was
formed containing 3 g of ethanol, 2.25 g of PluronicTM F-127, and 1.5 g of 5 M hydrochloric acid.
To this mixture, 1.5 g of titanium n-butoxide was added dropwise. The mixture was stirred with a
magnetic stirrer for 15 min, during which a clear reverse micellar phase was obtained. The closed
reaction container was stored at 313 K for 6 h. After storage, 400 ml of the reaction solution was
spin-coated onto microscope glass slides at 300 rpm for 5 s followed by 1000 rpm for 10 s. The
spin-coated films were aged in a controlled humidity box for at least 3 days. Trays with moisturized
salts present in the humidity box were used to control the relative humidity. The humidity inside the
box was monitored for the duration of the aging process using a hygrometer from Testo. The time
between spin-coating and introduction into the controlled environment never exceeded 15 min. Af-
ter aging, the organic template and residues of solvent and organic reaction products were removed
by treating the films in a UV/ozone oven for 24 h.

Transmission electron microscope (TEM) images were taken with a JEOL JEM-4010 oper-
ated at 400 kV. TEM specimens were prepared by scraping material off of the prepared films and
dispersing the material in ethanol. The sample/ethanol dispersion was dropped onto a microgrid
and dried. Scanning electron microscope (SEM) images were taken with a JSM-7600F operated
at 1 kV (accelerating voltage: 3 kV, specimen bias: 2 kV) and 2.7 mm working distance. SEM
specimens were prepared by fixating powder scraped off of the film to the SEM sample holder using
carbon paste. The mesoscopic structure and the density of the porous titania films were investi-
gated by grazing incidence small angle X-ray scattering (GISAXS).34 The GISAXS measurements
were performed at the MiNaXS beamline P03 at HASYLAB at DESY, Hamburg, Germany.35 The
sample-to-detector distance was chosen to be 2.61 m, and the wavelength of the X-ray beam was
0.095 nm. The samples were each illuminated for 150 s, and the 2D scattering data were recorded
with a Pilatus 300k detector. The 2D scattering data were evaluated by performing two types of cuts.
The vertical cut, along the qz-axis at qy = 0, comprises amongst others the so-called Yoneda-peak,36

which is positioned at the critical angle of the investigated material. As the critical angle of a given
material is directly related to its electron density, the detector cut allows estimating the mass density
of the porous titania films. Moreover, the horizontal cut, performed at the critical angle for the
porous titania along the qy-axis, gives information about lateral structures inside the films.37

Photocatalytic activity measurements of the as-prepared titania films were performed in a
homemade flow-through microreactor made from Teflon™ with an online UV/Vis spectrometer
(GBC Cintra-30). The reactor is fitted with an optical window coated with F-doped SnO2 (FTO)
with a cut-off wavelength of approximately 300 nm. The total volume of the reactor setup was 4 ml,
and the irradiated sample area was 2 cm2. A 100 W high-pressure Hg-lamp was used as irradiation
source, and light was focused onto the sample area with a set of lenses and apertures. An USB2000
Ocean optics® spectrometer fitted with an optical fiber was used to measure the photon power at the
sample position. The photon power was measured between the wavelengths 300 and 400 nm and
was 4.3 mW/cm2 with a variation between runs smaller than 1.5%. The temperature of the reaction
solution was monitored over the initial 2 h with a Eurotherm thermocouple and found to be stable
at 296 K. The photocatalytic activity of the films was evaluated for phenol degradation. A water
solution containing 0.1 mM phenol was exposed to the irradiated films for 5 h, during which the
phenol concentration was monitored with UV/Vis spectroscopy following the 270 nm absorption
peak of phenol.

In this work, we have investigated the effects of the relative humidity during aging of meso-
ordered titania films prepared by spin-coating reverse micellar solutions in which titania nanocrys-
tals are formed. A reverse micellar phase was prepared based on the ternary phase diagram of the
triblock copolymer PluronicTM F127/butanol/water system, shown in Figure 1, and redrawn from
Holmqvist et al.38 This phase diagram does not completely represent the synthesis mixture used, but
is currently the best available. Hence, a mixture was prepared with the composition 3:2.25:1.5:1.5
weight ratio of ethanol:F127:5 M HCl:titanium n-butoxide.
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FIG. 1. Ternary phase diagram redrawn from Holmqvist et al.38 Based on the assumption that ethanol acts as part of the
oil phase together with the butanol released upon hydrolysis of titanium n-butoxide, the reaction mixture is initially in the
reverse micellar phase with a composition represented by a star in the phase diagram. Rapid evaporation of solvent during the
spin-coating of the sample films moves the system into the hexagonal H1 phase of the phase diagram indicated by the arrow.

Assuming that ethanol acts as oil together with the butanol released upon hydrolysis of the
titanium alkoxide, the mixture will have a composition that is represented by the star in the phase
diagram shown in Figure 1. The reason for using ethanol instead of butanol is its easier evaporation
exploited in the subsequent step of the synthesis. After mixing the ethanol, polymer, and acid, the
resulting solution was a transparent single phase supporting that a reverse micellar L2 phase was
formed as suggested from the phase diagram. Upon addition of the titania precursor, a sudden
white precipitate formed but quickly disappeared again giving a clear and transparent solution. This
observation can be explained by the formation of titanium-hydroxo-aquo species upon addition and
hydrolysis of the titanium n-butoxide and the subsequent rapid peptization of these species. The
formulated reaction mixture was, thereafter, stored at 313 K for 6 h in a 50 ml capped polypro-
pylene flask. During this storage the titania hydrolysis products undergo condensation reactions
by which titania nanoparticles form and grow successively larger over time.23 After storage, the
reaction mixture was spin-coated onto glass substrates during which the rapid evaporation of the
solvent shifts the system into the hexagonal H1 phase of the ternary phase diagram illustrated in
Figure 1, forming an organic/inorganic composite according to the EISA concept.23 Clearly, the
system is still highly dynamic during the spin-coating process since the phase transition from a
reverse micellar phase to normal hexagonal phase necessitates a shift from a hydrophobic to a
hydrophilic continuous phase. Such a shift is associated with large conformational changes and
would be severely hampered if the titania had undergone extensive condensation or aggregation
prior to the spin-coating. A series of spin-coated films were prepared as summarized in Table I. The
films were then stored for 3 days at ambient temperature in a controlled environment but at different
relative humidities of 3.8%, 12%, 45%, 75%, and >95%, respectively.

Following removal of the organic template, SEM images were collected on mesoporous TiO2

films A-D described in Table I. Representative images are shown in Figures 2(a)–2(d). Film D
clearly exhibits pores within the mesorange arranged in an ordered fashion consistent with a hexag-
onal mesostructure cleaved along, as well as perpendicular to, the pore channels. The diameter of
the pores as well as the thickness of the pore walls are both estimated to be 5 nm based on the SEM
micrographs, in good agreement with earlier observations.23 A micrograph of film C is displayed in
Figure 2(c). At the surface of the material, mesopores are clearly visible. However, the alignment
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TABLE I. Conditions used to prepare mesoporous TiO2 films. Storage time refers to time
after spin-coating, and relative humidity refers to the value in the surrounding environment
during storage of the films.

Film Storage time (days) Relative humidity (%)

A 3 3.8
B 3 12
C 3 45
D 3 75
E 3 >95

of the pores is poor and no ordered arrangement of the pore openings could be discerned. In film
B, pores with a diameter around 5 nm were regularly found, whereas no pores were found in film
A, as shown in Figures 2(a) and 2(b). Thus, neither of these two latter samples shows mesoscopic
order. The SEM analysis shows that the relative humidity employed during aging of the sample
films has a strong influence on their final morphology and mesoscopic order and that a high relative
humidity is essential for the development of the templated inorganic mesostructure. We find that a
relative humidity around 75% is beneficial for the mesoscopic order. Crepaldi et al. showed that the
relative humidity plays multiple roles during and closely after film formation for another EISA-type
templated synthesis of mesostructured TiO2 films.33 They suggested that a suitable relative humidity
sustains a high fluidity of the film and, thus, allows for the formation of a liquid crystalline phase
also affecting the curvature of the micelles by incorporation or elimination of water.33 In addition,

FIG. 2. SEM micrographs of films A-D prepared as described in Table I. (a) Film A aged at a RH of 3.8% shows no
mesoscopic order. (b) Film B aged at a RH of 12% shows no mesoscopic order but mesopores are clearly visible. (c) Film C
aged at RH of 45% shows worm-like channels oriented along the surface of the particle but no clear pore openings. (d) Film
D aged at a RH of 75% shows a clear mesoscopic order with pore openings arranged in a hexagonal pattern as well as straight
pore channels.
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it promotes the exchange between water and hydrochloric acid increasing the condensation rate
necessary for the formation of a stable inorganic framework. It is important to realize the influence
of the acid concentration on the condensation/polymerization reactions forming the templated inor-
ganic film. Inorganic titania species in water establish an equilibrium between Ti-aquo, -hydroxo,
and -oxo complexes. The dominating complex is set mainly by pH, where the equilibria are shifted
from oxo complexes at high pH to hydroxo complexes at intermediate pH and aquo complexes at
low pH.39 Condensation of titania complexes at an intermediate pH favouring aquohydroxo-ligands
will preferentially occur by olation as shown in Eq. (1).39

(1)

Olation occurs by nucleophilic substitution where the hydroxy group is the nucleophile and the
aquo-ligand is the leaving group. In highly acidic media, the equilibrium is strongly shifted towards
aquo-ligands. Aquo-ligands are excellent leaving groups but poor nucleophiles. Thus, the condensa-
tion of titania will be severely hampered due to the lack of good nucleophiles, allowing the system
longer time to self-assemble into an ordered mesophase.39 Interestingly, film E was not amenable
for characterization and evaluation because the high relative humidity of >95% used, did not allow
for a proper film to form. Instead, the highly humid environment rendered the film liquid-like with
most of the solid material of the film aggregated at the edges of the substrate creating a highly
uneven film. This observation illustrates the strong influence of the equilibrium between water in the
prepared films and the surrounding air.

To gain more detailed structural information of the films, they were probed with GISAXS. The
horizontal cuts through the 2D GISAXS data, shown in Figure 3(a), give access to the lateral struc-
tures present on a mesoscopic length scale within the porous titania films. These cuts were fitted
using a model of two types of cylinders having a radial distribution, each type of cylinder being
distributed as a 1D-paracrystal in the film.40 The local monodisperse approximation was taken into
account.41 The modelled cylinder diameters of the small cylinders are attributed to the diameters
of the pores, whereas the distance related to the 1D-paracrystal is ascribed to the center-to-center
distance between the pores of the titania films. A second larger type of cylinders is only present
with a very low probability and a broad size distribution. We attribute this second cylinder type to
clusters of different sizes within the film. As shown in Figure 3(b), the pore size as well as the pore
distance increases with an increasing relative humidity. The radii indeed vary from 2.5 nm for film
A to 4.0 nm for film D aged at 75% relative humidity. For films B, C, and D, the pore dimensions
deduced from GISAXS and SEM agree well within the error bars. That this is not the case for

FIG. 3. (a) Horizontal cuts through the 2D GISAXS data performed at the critical angle of four porous titania films. The
solid lines are fits to the data as described in the text. The data are shifted along the intensity axis for clarity. (b) Pore radius
and center-to-center distances obtained from the fits.
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FIG. 4. (a) Vertical cuts through the 2D GISAXS data of the four porous titania films. The data are shifted along the intensity
axis for clarity. The specular reflection is shielded by a beamstop. (b) Mass density versus relative humidity for four porous
titania films, as deduced from the position of the Yoneda peak in (a) (shown by the arrow).

film A, may be related to the fact that the X-ray beam is able to penetrate into the bulk of the film
and, hence, GISAXS averages over different and much larger sample volumes than SEM.

The vertical cuts of the 2D GISAXS data are depicted in Figure 4(a). As described in the above
section, the position of the Yoneda peak (marked by an arrow) may be used to determine the mass
density of the porous titania films. Figure 4(b) reveals that aging under higher relative humidity
increases the porosity of the films and, hence, reduces the density of the films. Apparently, film A
prepared under very low relative humidity conditions possesses a much higher density than the films
prepared with increased relative humidity. This again confirms the strong influence of the relative
humidity during aging of the mesoporous TiO2. Further increasing the relative humidity does not
have much effect on the overall mass density of the film but changes the surface of the film, as
witnessed by the SEM images in Figure 2. Unfortunately, the type of ordered mesoscopic phase
present in film D was not possible to determine with GISAXS. Most likely, the ordered domains of
the prepared films are too small and mixed with areas of disordered pores.

It is known that the growth of nanoparticles in the formulated micellar solution is a slow
process that proceeds over several days. However, the exact size of the nanoparticles formed in the
reaction mixture during the storage process was not possible to determine while in solution. An
analysis of the degree of crystallisation and the TiO2 nanoparticle growth rate was done by recovery
of the formed nanoparticles by centrifugation at 60 000 rpm for 3 h followed by repeated washing
with ethanol. The amount of organic matter in the recovered sample was determined by thermo-
gravimetric analysis and the total yield of TiO2 nanoparticles formed could, thus, be calculated. At
20 h of reaction, the total yield was found to be as low as 2% of the total amount of titanium added.
Hence, it is clear that at the point of spin-coating, which was at 6 h of reaction in the microemulsion,
the TiO2 crystallite growth process is still at an early stage, and the solution then consists of very
small TiO2 particles and with the major fraction of the titania precursor still solubilized in the
solution.

High resolution transmission electron microscopy (HR-TEM) micrographs of films A and D
were collected and analysed to assess the effect of the relative humidity under aging of the prepared
films on their crystallinity. Films A and D represent the extreme points of the studied series of
samples with a relative humidity of 3.8% and 75%, respectively. The TEM micrographs of film
A shown in Figures 5(a) and 5(b) display only very few TiO2 crystallites and film A can, thus,
be regarded largely amorphous. In agreement with the SEM analysis, no mesoscopic order was
observed in the TEM micrographs of film A. In contrast, Figures 5(c) and 5(d) show TEM images
of film D, which display large areas of ordered mesopores consistent with hexagonal ordering and
pore diameters around 5 nm and visible lattice fringes of crystallites between 2 and 5 nm present in
the pore walls. Figure 5(e) shows a magnification of one crystallite, clearly exposing crystal lattice
fringes. Figures 5(f) and 5(g) show FFT images of Figures 5(d) and 5(e), respectively. These are in
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FIG. 5. TEM micrographs of mesoporous TiO2 films A and D, aged at 3.8% and 75% relative humidity, respectively. (a) TEM
image of film A, (b) HR-TEM image of film A showing very few crystallites, (c) TEM image of film D, (d) HR-TEM image of
sample D showing lattice fringes of anatase crystallites with a diameter of 2–5 nm and pores with a diameter of approximately
5 nm arranged in a hexagonal pattern. (e) Magnification of one crystallite from (d) showing lattice fringes with 3 Å separation.
(f) and (g) are FFT images of (d) and (e), respectively. Due to the small number of coherent crystallite regions, (f) shows
spotty Debye ring. The radius of the first Debye ring corresponds to the d-spacing of 0.313 nm for the (101) plane of TiO2
anatase phase.

agreement with previous electron diffraction studies of a mesoporous TiO2 film prepared according
to an identical procedure, which revealed that the TiO2 crystallites are of the anatase polymorph.23

It has been explained with a mechanism in which crystallites, preformed during treatment of the
reaction mixture at slightly elevated temperature, are incorporated into the hydrophilic pore walls of
the liquid crystalline inorganic/organic composite prepared.23 Furthermore, our recently published
study of a similar but disordered model system suggests that besides the crystallites preformed in
the reaction mixture, crystallization and growth of nanoparticles can also occur within the hydro-
philic domains of the liquid crystal template.26 The fact that the two films studied here contain so
strikingly different degrees of crystallinity provides new and important insight into the formation
mechanism of the anatase crystallites of this system. If the crystallites present in the pore walls of
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film D were formed solely prior to the EISA step, we would expect to observe them also in film
A since the synthesis procedure and storage time prior to spin-coating are identical for the two
films. However, the results presented here show, instead, conclusively that the growth of the anatase
crystallites occurs mainly within the hydrophilic domains of the liquid crystalline inorganic/organic
composite during the storage of the spin-coated films as suggested in our previous study.26 Also, if
extensive crystal growth would occur in the reaction solution prior to the formation of the hexag-
onal liquid crystal template, the formed particles would hamper the large conformational changes
necessary for the phase transition from a reverse micellar phase to a hexagonal phase. Furthermore,
the results establish that this growth of the anatase crystallites is highly dependent on the relative
humidity of the environment where the films are stored. Considering the large difference in crys-
tallinity between films A and D, the possibility that the anatase crystallites present within the pore
walls of film D are caused by the UV/ozone treatment used to remove the surfactant, can be ruled
out, since similar amounts of crystallites then would have been expected to be present also in film
A. Apparently this crystallite growth depends strongly on the balance between the water content
in the film and the surrounding environment in a parallel way to the dependence discussed for the
organization of the mesostructure.

Upon spin-coating, the concentration of the soluble titania precursors will increase due to the
removal of the solvent. This will increase the supersaturation of the soluble species and promote
their condensation to solid films. The exchange between water from the surrounding atmosphere
and hydrochloric acid present in the film will be greatly affected by the relative humidity. If the
acidity decreases, as is expected by a higher relative humidity, a more rapid condensation of titania
intermediates occurs. However, the formation and growth of crystallites during aging of the films is
not independent of the preceding step of storing the reaction mixture before spin-coating. Previous
studies of crystal growth in similar systems and under similar conditions show that the formation
and growth of crystallites do, in fact, occur in the reverse micellar solution and that the duration of
the microemulsion storage affects the final crystallite size in the films.23,25,42 The results obtained
here, thus, prove a mechanism in which the crystallite nucleation initiates and is followed by some
particle growth during the storage stage of the micellar reaction mixture at 313 K,where most of the
crystallite growth takes place inside the subsequently prepared spin-coated liquid crystal template at
293 K via a process that is highly dependent on the relative humidity of the environment in which
the film is stored.

The photocatalytic performance of the mesoporous TiO2 films was evaluated by measurements
of phenol degradation rates in a microreactor upon illumination of the films with UV light. The
general mechanism for the photocatalytic degradation of phenol over anatase has been reported
elsewhere and is not discussed here.43,44 However, it is of interest to note the general appearance
of the UV/Vis spectra of the solution during the degradation of phenol shown in Figure 6. As the
degradation of phenol proceeds, there is a decrease in the phenol absorption band at 270 nm and
a build-up in absorption around 240 nm for all films. Similar observations have previously been
reported by Andersson et al.4 They reported a new absorption band at 245 nm under photocatalytic
degradation of phenol, which was observed using anatase phase titania but not using the rutile poly-
morph.4 This absorption band has been ascribed to the intermediate formation of benzoquinone.44

Figure 7 shows the fraction of phenol degraded (1 − C/C0) versus time of UV illumination for
films A-D as well as the fraction of phenol degraded for all samples after 5 h of UV exposure. The
photocatalytic activity for phenol degradation is clearly higher for films stored at a high relative
humidity after spin-coating. In this work, a relative humidity of 75% during aging was found to
be the optimum for achieving films with high photocatalytic activity for degradation of phenol.
The small peculiar initial decrease in 1 − C/C0 for film A in Figure 7 is likely an effect of phenol
polymerization known to be caused by photolysis reactions of phenol.45 The relative humidity
was also found to greatly affect the crystallinity, porosity, mesoscopic order, and pore size of the
prepared films, all of which may influence the photocatalytic activity of the films. The film with the
highest photocatalytic activity showed the highest degree of crystallinity, the widest pore diameter,
the highest degree of meso-order, and among the two highest porosities of the films studied. The
film with the lowest photocatalytic activity was prepared with the lowest relative humidity. This film
showed the lowest degree of crystallinity and meso-order, the smallest pore diameter, and the lowest
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FIG. 6. UV/Vis spectra of the phenol/water reaction solution during the course of the photocatalytic activity measurement of
film D aged at a RH of 75%. The phenol degradation is monitored by the decrease in the 270 nm absorption band of phenol.
The absorption band at 210 nm is also ascribed to phenol but is not used to follow the degradation of phenol due to the risk of
interference of particle scattering and degradation product. Seen at 245 nm is the buildup of a new absorption band ascribed
to intermediate phenol degradation products.

porosity. It is, hence, not possible to unambiguously determine which of these materials properties
are the most important for the photocatalytic activity of the films based only on the data available
here. However, a large specific surface area is generally beneficial for a photocatalyst as the surface
represents the interface of charge transfer reactions. The surface of the photocatalyst has also been
suggested to serve as the locus for trapped electrons and holes, thus providing sites for prolonging
the lifetime of the separated electron-hole pairs by hampering their recombination.46 Even though
it has been impossible to measure the specific surface area directly for any of the films investigated
in this work, it is reasonable to assume that the films with the highest porosity will also have the
highest specific surface areas. The increase in porosity follows the same trend as the photocatalytic
activity; as the porosity increases so does the photocatalytic activity. The possible effect of pore size
on the photocatalytic activity for the evaluated sample series may be due to differences in diffusion
rate of phenol in pores with diameters ranging from 2 to 4 nm. Whether diffusion of phenol is the
rate-limiting step of the photocatalytic degradation of phenol in mesoporous materials is unknown.

FIG. 7. (a) The photocatalytic activity of mesoporous TiO2 films A-D aged at different relative humidities illustrated as
fraction of phenol degraded versus time of UV illumination. The initial decrease of 1−C/C0 for film A aged at 3.8% relative
humidity is likely an effect of phenol photolysis. In (b) the fraction of phenol degraded at 300 min of reaction is shown for
films A-D as a function of the relative humidity during storage of the spin-coated films.
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However, several authors have observed an increase in photocatalytic activity with an increased
light intensity for titania photocatalysts, suggesting that the generation and diffusion of electrons
and holes to the surface of the photocatalyst is the reaction rate limiting process.47,48 As is evident
from HR-TEM micrographs, the amount of crystallites increases with an increased relative humid-
ity used during aging. It is known that amorphous titania shows little or no catalytic activity,5 this is
why the increase in crystallinity is expected to have a profound effect on the activity of the evaluated
sample films. This is also evident from the activity measurements of the investigated sample films
for which an increase in crystallinity results in an expected increase in activity as is illustrated in
Figures 7(a) and 7(b). Increasing the relative humidity up to 75% during aging of the prepared films,
thus, has a positive influence on several properties beneficial for the photocatalytic activity.

The synthesis of mesoporous titania films prepared at low temperature from a micellar reaction
mixture via EISA methodology has been studied and the photocatalytic activity of the prepared
films evaluated. The relative humidity employed during aging of the prepared films showed pro-
found effects on mesoscopic order, porosity, pore size, crystallinity, and photocatalytic activity of
the films. An increased porosity, as well as an increase in the pore diameter from 2 to 4 nm was
observed as the relative humidity was increased from 3.8% to 75%. Ordered mesopores were only
observed in SEM and TEM for the film aged at 75% relative humidity. Even though the ordered
domains of mesopores were too small to give rise to Bragg diffraction peaks in GISAXS measure-
ments, the horizontal cuts of the 2D GISAXS data showed an increased ordering for films prepared
at high relative humidity. HR-TEM micrographs revealed the critical impact of relative humidity for
the formation of anatase crystals incorporated into the pore walls of the prepared films. For films
aged at a relative humidity of 75%, anatase crystallites were readily found incorporated into the
pore walls, whereas for films aged at 3.8% few or no crystallites could be found. This shows the
critical importance of relative humidity of the environment around the EISA films for the formation
of crystalline pore walls at room temperature. It also elucidates important details of the formation
mechanism of this new type of materials synthesis, where it is now unambiguously concluded that
the major part of the crystallization occurs in the films after the EISA step. Photocatalytic activity
towards phenol degradation was observed to progressively increase for films aged at higher relative
humidity up to 75%. We suggest that this increase is caused by an increase in the crystallinity of
the films aged at higher relative humidity and possibly by a more easily accessible catalyst surface.
Furthermore, the growth of crystallites within the hydrophilic domains of the liquid crystal template
may offer the means to develop synthesis routes to ordered mesoporous titania films with rutile
crystallites incorporated into the porewalls.
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