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ABSTRACT

Nanostructured porous titania films are used in many energy related applications. In this work,
the temporal evolution of the mesoscopic deformation of mesoporous titania films synthesized
via block copolymer assisted sol-gel chemistry is investigated with in situ grazing incidence
small-angle neutron scattering (GISANS) during exposure to D,O vapor. Two types of
mesoporous titania films are compared, which have a different degree of structural stability,
depending on the applied annealing temperature (400 °C versus 600 °C) in nitrogen atmosphere.
Water ingression causes a gradual structure deformation in terms of decreasing center-to-center
distances and broadening of the size distribution of the titania nanostructures. Based on the
evolution of the mesopore size obtained from in situ GISANS measurements, the results show
that structures synthesized at lower temperature undergo a stronger deformation due to the lower

elastic modulus originating from larger pores, despite having a higher degree of order.



1. INTRODUCTION

Mesoporous titania thin films with a large surface-to-volume ratio have showed great promise in
applications of water splitting, degradation of organic pollutants, hydrogen storage, dye-
sensitized solar cells and lithium batteries. In the context of these energy applications, it is often
necessary to infiltrate the mesoporous titania films with liquid during processing or during
operation. Prominent examples are water entering the titania network in water splitting
applications or aqueous solutions of small molecules being used for dye adsorption or for
backfilling in dye-sensitized solar cells. In such scenarios, the capillary pressure within the
mesopores induced by liquid permeation can cause a potentially irreversible deformation of the
titania nanostructures.” However, only few research groups have investigated the change of the
nanostructured titania films, even though structural changes have a crucial impact on the
practical applications. In particular, irreversible changes would cause deviations from the titania
nanostructure being present in the devices from an initially tailor-made titanai nanostructure with
potentially optimized characteristic length scales.

Structural deformation of mesoporous solids has been reported to play an important role in the
performance of nanopore-featured functional materials and devices. For example, Han et al.
demonstrated that the plastic deformation of a nanoporous silica gel at a high-pressure resulted in
a higher energy absorption efficiency.” Zhao et al. showed a fast and large-shape deformation of
a porous polymer membrane upon the exposure to water and acetone vapor, which gave an ultra-
fast actuation speed in terms of the response rate and the amplitude of movement.” Boudot et al.
developed a humidity-driven actuator based on adsorption-induced deformation of mesoporous
and xerogel-based silica thin films. » Quinn and McIntosh demonstrated that water adsorption
caused a higher degree of elastic deformation of porous glass than butane adsorption, which was
attributed to the difference in surface tension. Recently, we studied the water induced
deformation of titania nanostructures as function of the applied annealing atmosphere during the
sol-gel synthesis of the mesoporous titania network structure and identified a nitrogen

atmosphere to be superior to an air atmosphere.*



In view of the significance of the structural deformation on material and/or device performance,
the detailed understanding of the temporal evolution of the deformation in real time is of
particular interest. However, in situ experiments studying these processes are quite rare. Among
the examples from the literature, Prass et al. applied in situ x-ray diffraction to measure the strain
of ordered nanoporous silica as function of the relative vapor pressure of different fluids, from
which elastic moduli of the porous silica were extracted.® Balzer et al. performed in situ
dilatometric measurements to characterize the length variation of rod-like porous materials in
response to adsorption-induced strains.© However, these approaches only revealed the
macroscopic deformation of the measured materials in real time. Since adsorption behavior
occurs inside the mesopores, in situ characterization, which focuses on the nano/mesoscale
deformation, is considered to be highly valuable. Nevertheless, to the best of our knowledge,
such a characterization does not yet exist.

In the present work, we use in situ grazing incidence small-angle neutron scattering (GISANS)
measurements to track the temporal evolution of the mesoscopic deformation occurring in
mesoporous titania thin films upon water ingression for the first time. Compared to real space
imaging techniques like atomic force microscopy (AFM) and scanning electron microscopy
(SEM), GISANS measurements are not restricted to map surface structures but also yield access
to morphological information from inside the film.”» Furthermore, by probing a macroscopic
area of the sample, in situ GISANS measurements provide a high statistical relevance with a
reasonable time resolution to probe kinetic processes. *=

Previously, we demonstrated the use of GISANS measurements to reveal the mesoscopic
deformation of nanostructured titania films upon capillary forces.« Different atmospheres for
polymer-template removal at high temperatures were used to prepare mesoporous titania films,
which ultimately led to different degrees of structure deformation during the exposure to water
vapor.© We also showed that the structure deformation was completely reversible after the
removal of infiltrated water.© In the present work, we focus on using time resolved GISANS to

unravel the kinetic evolution of the mesoscopic deformation of titania nanostructures.



Mesoporous titania films are prepared by combining sol-gel chemistry with a titania precursor
and the diblock-copolymer template polydimethyl siloxane-block-methyl methacrylate
polyethylene oxide (PDMS-b-MA(PEO)).» A high temperature process is used to remove the
polymer template and to form a mesoporous morphology of an interconnected titania network.»=
For comparison, we investigate the evolution of the mesoscopic deformation on two types of
mesoporous titania films, which are prepared with different annealing temperatures in nitrogen
atmosphere. Typically, with increase of the annealing temperature, crystal sizes and crystallinity
of the titania films increase correspondingly, whereas high temperatures tend to give rise to the

collapse of the titania network structures and thereby lead to small pore sizes. >

2. Experimental Section

Materials: The polymer PDMS-b-MA(PEO) with the molecular weight Mn (PDMS) = 5000 g
mol" and Mn (MA(PEO)) = 3000 g mol* was synthesized as explained in the literature.» Iso-
propanol (IPA, 99.9 %), tetrahydrofuran (THF, 99.9 %), hydrochloric acid (HCI, 12 M), and
titanium tetra-isopropoxide (TTIP, 97%) were obtained from Carl Roth GmbH. All chemicals

were used directly without any additional purification.

Preparation of mesoporous titania films: Two types of mesoporous titania films were
fabricated in this work. The procedure of the film preparation was the same except for the used
annealing temperatures in the final step of the synthesis. In detail, PDMS-b-MA(PEO) (152 mg)
was firstly dissolved in a solvent mixture for 30 min. This mixture consists of THF (1.92 mL)
and IPA (0.72 mL). After stirring, the polymer solution was filtered with a polytetrauoroethylene
(PTFE) filter (pore size 0.45 um) prior to the addition of TTIP (80 pL) and HCI (42.6 uL). Both
were added simultaneously into the polymer solution with a speed of about 2 s per a drop under
constant stirring conditions. The final weight ratio in the solution was 6:3:1 of PDMS-b-

MA(PEO):TTIP:HCI. The final solution was stirred for 1 h at room temperature before spin-



coated on pre-cleaned Si substrates (2000 rpm, 60 s). Finally, the as-prepared films were

annealed at 400 °C or 600 °C for 4 h in a nitrogen atmosphere to remove the polymer template.

Film characterization: SEM measurements were carried out on a field emission electron
microscope (FESEM, Zeiss Gemini Nvision 40). The acceleration voltage was set to 5.0 kV. At
the FRM 1II, Heinz Maier-Leibnitz Zentrum (Garching, Germany), the in situ GISANS
measurements were conducted at the small angle neutron scattering beamline KWS1 (Jiilich
Centre for Neutron Science, JCNS).* The neutron wavelength was set to A = 4.5 A and the
incident angle was 0.55°, which enabled neutron beams to penetrate the whole volume of the
probed titania films as the critical angle of titania is smaller (0.23°). Before starting the in situ
GISANS measurements, the samples were placed in an custom-made aluminum chamber, which
was mounted on the sample stage. An initial 5 min GISANS measurement was performed prior
to D.O injection. Thereafter, D.O was injected to the chamber and the chamber was heated up to
40 °C gradually. For the in situ measurements in the first hour, the data acquisition time was 5
min to follow the temporal evolution. An acquisition time of 30 min was chosen for the next 4
hours during which no more changes were observed. The total measurement time accounted for
5 hours for each in situ study. The scattering signal was recorded with a 2D °Li scintillator glass
detector. This detector had a pixel size of 5.25 mm x 5.25 mm and a 128 x 128 pixel array. To

obtain a desirable q range, a sample-to-detector distance was set to 6.66 m.

3. RESULTS AND DISCUSSION

Figure 1 shows plan-view SEM images of mesoporous titania films after high-temperature
annealing in nitrogen atmosphere at 400 °C and 600 °C, which demonstrates the extended
control of the nanostructures and mesopores by varying the annealing temperature. © The samples

annealed at 400 °C and 600 °C are denoted as N.-400 and N.-600, respectively.
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Figure 1. SEM images of a) mesoporous titania thin films (/NV.-400) annealed at 400 °C and b)
mesoporous titania thin films (/NV.-600) annealed at 600° in nitrogen atmosphere.

Both films exhibit a titania nanomesh with high pore density. The N2-400 sample shows a
comparably more ordered mesopore array with pore sizes ranging from 20 nm to 25 nm (Figure
la). For an annealing temperature of 600 °C, the N.-600 film displays a more irregular mesopore
array and smaller pore sizes of 10 nm - 15 nm (Figure 1b). The differences in the degree of order
and in pore size are ascribed to the different degree of film collapse as induced by the variation
of the annealing temperature.~» The differences in the crystallinity are discussed in the
literature.”»

The in situ GISANS experiments follow the D.O ingression into the mesoporous titania films
which are exposed to D.O vapor atmosphere. The relative humidity and the temperature inside
the sample chamber are shown in Figure S1 in the Supporting Information. The use of D.O in the

experiment instead of H.O provides the necessary scattering contrast for the neutron scattering
experiment. Compared to grazing incidence small-angle X-ray scattering (GISAXS)
measurements, the higher scattering contrast of titania and D,O in neutron scattering
measurements allows for tracking the mesoscopic deformation kinetics of nanostructured titania

films more precisely.'* During D.O ingression, time resolved GISANS measurements probe the

temporal evolution of the mesoscopic deformation of the titania films. The entire experiment
lasts for 5 h and is divided into two steps: The first hour is measured with a time resolution of 5

min to follow the initial fast changes and the remaining 4 h are measured with a time resolution



of 30 min to verify stability of the changed structure. The experimental details can be found in
the Experimental Section. For the N.-400 film, exemplary two dimensional (2D) GISANS data
after different times of exposure to D.O vapor are displayed in Figure S2 in the Supporting
Information. In order to extract information about lateral nanostructures inside the titania thin
films, horizontal line cuts of the 2D GISANS data are performed at the Yoneda peak position of
titania.» This peak is located at the critical angle of the probed material, where the material
specific diffuse scattering is enhanced as described by the Fresnel transmission functions.” Since
a major contribution to the diffuse scattering at the Yoneda peak is material characteristic,
characterization of lateral structures of titania films including characteristic domain sizes and the
corresponding spatial arrangement can be well realized.»+ Horizontal line cuts from the first hour

are shown in Figure 2a.
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Figure 2 In situ GISANS data of the N.-400 film during exposure to D.O vapor for 5 h. a)
Horizontal line cuts (black hollow triangles) of the 2D GISANS data (obtained from the first
hour measurements) plotted from bottom to top for increasing time. The time resolution is 5 min.
The bottom curve is obtained from the measurement before D.O injection and extracted
structural information referred to as O min. The red lines show the fits to the data. The curves are
shifted along the intensity axis for clarity of the presentation. Extracted b) center-to-center
distance of the titania nanostructures and ¢) Gaussian distribution width as a function of exposure
time. d) Horizontal line cuts (black hollow triangles) of the 2D GISANS data (obtained from the
next 4 hours measurements) plotted from bottom to top for increasing time. The time resolution
is 30 min. The bottom curve refers to the measurement at an exposure time of 1.5 h. The red
lines show the fits to the data. The curves are shifted along the intensity axis for clarity.
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A pronounced intensity peak located in the vicinity of g, = 0.18 nm" is observed for the

horizontal line cut obtained from the sample before D,O injection, implying an ordered inner

arrangement of the mesopores for the N.-400 film.++ This observation agrees well with SEM

measurements, suggesting that the ordered pore array exists not only at the sample surface but

also inside the film. In addition, a slight shift of the peak position toward lower q, values is

observed (Figure 2a), suggesting a structural change of the mesoporous titania films. Moreover,

the peak at ¢, = 0.18 nm- is the most pronounced feature. Consequentially, nanostructures, which
contribute to the scattering signal of this peak, are considered as most representatives for the
inner film morphology. Thus, the peak at g, = 0.18 nm" is chosen to parametrize the evolution of
the most predominant structure deformation. However, with increasing exposure time to D.O
vapor, a gradual broadening of the peak is indicating a transition to a reduced state of mesopore
array order inside the titania films. To quantitatively characterize the evolution of mesoscopic
deformation for the N2-400 film, the horizontal line cuts are modeled in the framework of the
distorted wave Born approximation (DWBA), assuming two cylindrically shaped scattering
objects distributed over a 1D paracrystal lattice in a manner of a so-called local monodisperse
approximation (LMA). #* Detailed information about data modeling is described elsewhere.*
From data modeling, two characteristic domain sizes of titania nanostructures (form factors) and
the corresponding center-to-center distances (structure factors) are extracted. The modeling
results originating from the well-pronounced peak at q, = 0.18 nm" show that the pore array has a
rather high degree of order. The domain radius stays approximatively constant at 5.5 nm for all
probed D.O exposure times. Thus, the size of the titania nanostructures is not influenced by D.O-
induced capillary forces. In contrast, the extracted center-to-center distances decrease with
exposure time to DO vapor from (36.7 + 0.1) nm to (32.5 £ 0.5) nm after one hour as
summarized in Figure 2b. It can be seen that the center-to-center distance gradually decreases

during the initial 30 min of exposure, and subsequently remains stable until the end of the first



hour. The relative humidity has raised significantly faster (see Figure S1 in the Supporting
Information), indicating that the center-to-center distance responds delayed on the change of the
environment due to water ingression. In contrast, the Gaussian distribution widths of the
intensity peak increase steadily from (3.3 + 0.1) nm for the film before D.O ingression to (4.3 +
0.1) nm for the sample after exposure to D.O vapor for 1 h (Figure 2c). The increase of the
Gaussian distribution resembles the decrease in order of the pore array during water ingression.
The center-to-center distance shrinks by about 11 %, whereas the Gaussian distribution width
increases by approximately 31 % in the first hour, which is a clear sign that the N.-400 film
experiences a structure deformation during exposure to D,O vapor. Figure 2d shows the
horizontal line cuts of 2D GISANS data obtained during the next four hours of DO exposure. As
seen in the data and confirmed by modeling, the center-to-center distance (32.5 + 0.5 nm) and
the Gaussian distribution width (4.3 £ 0.1 nm) remain unchanged. Thus, after the deformation of
the titania nanostructure happening in the initial one hour (Figure 2a), no further evidence for

structure changes are found.
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Figure 3 In situ GISANS data of the N.-600 film during exposure to D.O vapor for 5 h. a)
Horizontal line cuts (green hollow triangles) of the 2D GISANS data (obtained from the first
hour measurements) plotted from bottom to top for increasing time. The time resolution is 5 min.
The bottom curve is obtained from the measurement before D.O injection and extracted
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structural information referred to as O min. The red lines show the fits to the data. The curves are
shifted along the intensity axis for clarity of the presentation. Extracted b) center-to-center
distance of the titania nanostructures and ¢) Gaussian distribution width as a function of exposure
time. d) Horizontal line cuts (green hollow triangles) of the 2D GISANS data (obtained from the
next 4 hours measurements) plotted from bottom to top for increasing time. The time resolution
is 30 min. The bottom curve refers to the measurement at an exposure time of 1.5 h. The red
lines show the fits to the data. The curves are shifted along the intensity axis for clarity.

For the N.-600 film, selected 2D GISANS data for different times are displayed in Figure S3 in
the Supporting Information. The obtained horizontal line cuts with their corresponding fits are
shown in Figure 3a and 3d. Comparable to the N.-400 film, the domain radius stays constant for
the whole time of exposure to D.O vapor as well. However, the absolute value of the extracted
domain radius of the most prominent structure is 6.5 nm and thereby slightly larger than the
value for the N2-400 film (about 5.5 nm). The evolution of the predominant center-to-center
distances, which originates from the peak at q, =0.19 nm", and the corresponding Gaussian
distribution width have a similar tendency as for the N.-400 film. Consequentially, the key
influence, which causes structural deformation, is the water ingression in both cases. However,
the absolute values differ. For the N,-600 film, the center-to-center distance of (23.5 £0.1) nm in
the initial state (no exposure to D.O) is smaller as compared to the N.-400 film, while the
respective Gaussian distribution width is slightly larger (4.3 + 0.1 nm), which is in good
agreement with the observations obtained from SEM measurements. With increasing exposure
time to D,O vapor, the center-to-center distance decreases by about 5 % to a value of (22.5 £0.4)
nm (Figure 3c), whereas the Gaussian distribution width increases by 32 % to (5.8 + 0.1) nm
(Figure 3d). After one hour of exposure, both values, the center-to-center distance and the
Gaussian distribution width, remain constant as well, suggesting that the time required for
structure deformation of titania nanostructures is not linked to the annealing temperature applied
during the synthesis of the mesoporous morphology.

The comparative analysis of both samples shows that, the evolution of the center-to-center
distances of the N.-400 film is more susceptible to capillary-force-induced mesoscopic

deformation than that of the N.-600 film. Additionally, the similar increase of the Gaussian
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distribution width (percentage-wise) with exposure time to D.O vapor indicates a mechanism,
which reduces the lateral order of the nanostructures independent of the initial annealing
temperature. The summarized parameters from in situ 2D GISANS data imply a higher degree of
mesoscopic deformation of the titania nanostructures in the N.-400 sample. This behavior can be
explained as the concentration of oxygen vacancies increases with increasing annealing
temperature,~ and oxygen vacancies are beneficial to strengthen the Ti-O bonds and to reduce
water adsorption.>* Therefore, less oxygen vacancies account for more structure deformation in
the N.-400 film.

Dourdain et al. reported a method to determine the elastic modulus of mesoporous thin films
based on the degree of deformation as induced by capillary forces of water vapor.* In detail, the

capillary pressure introduces deformation of the pores, which can be used to evaluate the strain.

Emod = pc/[(D - DO)/DO] (1)

where p. is the capillary pressure, D and D, are the distorted and original pore size, respectively.
The capillary pressure p. is related to the relative humidity (RH) as described by the Kelvin

equation,

InRH = p.V,/(RT) (2)

with the molar volume of water V,, the gas constant R and the temperature T. Therefore, the

relationship of the pore size and the elastic modulus (E..) can be described as

D = Dy(1 4 RT/(EmoqV,)InRH) ?3)

The pore size in this work is calculated following the model introduced by our previous studies®

D = center- to- center distance — 2Xdomain radius 4)

12



To calculate the elastic modulus according to equation (3), the obtained pore sizes for both
samples are plotted as a function of TInRH (Figure 4). Via a linear fitting of D versus TInRH, the
elastic moduli of the N,-400 film and the N,-600 film are determined to be (1.1 + 0.1) GPa and
(1.8 £ 0.1) GPa, respectively. The relatively smaller elastic modulus of the N.-400 film as
compared to the N.-600 film is attributed to the reduced Ti-O bond strength, which is a result of
the reduced amount of oxygen vacancies at reduced annealing temperatures and the fact that the
N-600 is initially already in a more compact status (smaller pore sizes of 10.5 + 0.1 nm).
Moreover, the smaller elastic modulus in turn explains the higher degree of mesoscopic

deformation of the N,-400 film.
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Figure 4 Evolution of the mesopore size extracted from in situ 2D GISANS data as a function
of the temperature (T) times natural logarithm of the relative humidity (RH) for a) the N.-400
film and b) the N.-600 film. Red lines represent the linear fits to the data. Linear fits are used to
calculate the elastic modulus of the respective samples.

4. CONCLUSION

In conclusion, we successfully monitor the mesoscopic deformation of mesoporous titania films
in real time upon exposure to D.O vapor through in situ GISANS measurements. At 400 °C as
compared to 600 °C annealing temperature during synthesis of the titania nanostructures, titania
films with larger pore sizes and a higher degree of order of the pore array are synthesized. The

water ingression induced structure deformation manifests in the decreased center-to-center
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distances of the titania nanostructures and the increased Gaussian distribution width. It mainly
occurs within the first hour of water ingression and remains unchanged for the next four hours. A
higher degree of structure deformation is found in the titania films synthesized at lower
temperature in view of the decrease percentage of the center-to-center distances. It is caused by
larger pores giving rise to a smaller elastic modulus of (1.1 + 0.1) GPa for the N.-400 films as
compared to (1.8 = 0.1) GPa for the N.-600 films, despite the higher degree of order established
at lower temperature. Thus, it is concluded that the annealing temperature plays an important role
not only for the pore size and the degree of order of the pore array, but also in the mechanical
stability of titania nanostructures against water adsorption. These finding will be interesting for
all water based dye molecule, polymer and electrolyte solutions used in the fabrication of dye
sensitized solar cells, hybrid solar cells and battery or catalysis applications. Furthermore, this
work provides an efficient way to characterize the evolution of mesoscopic deformation of
mesoporous structures in real time, which could be easily adapted to other mesoporous solids

such as for example ZnO, SiO,, ZrO..

Supporting Information.

Data plot of temperature and relative humidity during in situ GISANS measurements, 2D
GISANS data of the N.-400 film and the N.-600 film can be found in the Supporting Information
file.
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