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Abstract 

 

Mesoporous titania thin films (MTTFs) with well ordered cubic array of mesopores were 

synthesized on glass and silicon substrates using Brij 58 as template. The effect of the 

thermal treatment and the substrate on the structural parameters (thickness, porosity, pore 

order, crystallinity) and the mechanical properties of MTTFs were determined by electron 

microscopy, X-Ray diffraction, Raman spectroscopy, 2D-Small Angle X-Ray Scattering, 

ellipsometric porosimetry and nanoindentation.  

Clear differences in the mesostructural order evolution and crystallization behavior were 

observed as a function of the substrate and the thermal treatment. In particular, the anatase 

crystallization process occurs at lower temperatures for samples prepared on silicon when 

compared with samples prepared on glass, due to the balance between nanocrystals 

formation, mass diffusion and Na+ migration from the substrate.   

As a consequence of such phenomena, the MTTFs mechanical properties are also 

dependant on the substrate. For samples prepared on glass the 325 - 350°C range is the 

optimal annealing temperature to maximize the mechanical properties (E value of 45 GPa), 

while higher temperatures can be used for the Si supported oxides, to reach E values of 60 

GPa.  

The obtained anatase crystal dimensions (below 4-5 nm) are restricted by the wall 

thickness, indicating the chosen thermal treatment prevents mesoporous structure to 

collapse even when the oxide presents thin walls and small pores, preserving high porosity 

and high porous ordering. As a consequence, the presented Brij 58 templated MTTFs 

present smaller crystalline domains than analogous materials with thicker walls. Such 

properties could be exploited for applications in photocatalysis and titania-based solar cells. 
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Introduction 

 

Mesoporous TiO2 thin films (MTTFs) have attracted a great interest during the last years in 

the materials science community. MTTFs are particularly interesting since they combine 

the unique properties of TiO2 with an accessible porosity, controlled thicknesses and have 

the possibility of the integration in several devices.  

In fact, titanium dioxide has many attractive characteristics such as chemical stability, 

biocompatibility and low-cost processing. As a consequence, it has been used in a wide 

range of applications from pigments, sunscreens, cosmetics and optical coatings to food 

additives1. Moreover, nanostructured titania has shown many potential applications in 

photocatalysis2, photovoltaic devices3-4, sensors5, nanoelectrods6, electronics7, drug 

delivery8 and implants9. A few common requirements have to be fulfilled in order to 

effectively apply nanostructured titania in all the mentioned fields: a well controlled 

porosity and crystalline structure, high surface area, the possibility to be processed as thin 

film and high mechanical stability10-13. In this sense, MTTFs offer great advantages, since 

their synthesis is very reproducible and the porosity and pore sizes can be precisely varied 

by controlling the synthesis and post-synthesis conditions1. 

The combination of sol-gel methods with self-assembly of amphiphilic molecules in the so 

called Evaporation Induced Self Assembly (EISA)14 methodology has been the main 

strategy adopted to build such MTTFs. The first examples of optically uniform mesoporous 

TiO2 films, using poly(ethylene oxide)-based on ionic surfactants as structuring agents, 

were reported in 200115-16. Since those initial reports, a large body of work has been 

dedicated to study MTTFs, with particular interest in three features: the first stage of the 

MTTFs formation process, the crystallinity development and the applications in devices1, 11-

12. 

Thus, previous papers have been centered in obtaining different pore arrays and sizes and, 

mainly, highly crystalline frameworks, essential for most of the MTTFs projected 

applications. In that sense, several characterization techniques have been used to elucidate 

the role of different synthesis and post synthesis conditions over the final structure of the 

MTTFs1, including: Wide Angle X Ray Spectroscopy17-18, Small Angle X Ray Scattering 

(SAXS)17, 19, 2D-SAXS18, 20-21, interferometry20, X Ray Diffraction (XRD)22,X Ray 
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Absorption (XANES)23, ellipsometry24-25 and environmental ellipsometric porosimetry 

(EEP)26-27. By means of such studies it was possible to establish a set of key parameters that 

determine the final ordering and crystallinity of MTTFs. For example, it was determined 

that crystallization depends on the thermal treatment18, 22, 24-25, however, the substrate has 

also a strong influence on this process. In fact, glass substrate delays the crystallization 

when compared with silicon substrates23; if transparent MTTFs are required, a more 

complex synthetic path (including a “buffer” non porous TiO2 layer)  is needed to ensure 

crystallization26. Also the thickness seems to have influence on the MTTFs final properties 

and, in general, thicker films presented higher percentage of porosity, lower density and 

higher roughness28. Furthermore, an increment in the optical band gap for mesoporous 

titania with respect to dense material was measured and attributed to weak quantum 

confinement effects derived from the anatase nanoscopic grain size29. 

From the application point of view, the influence of synthesis conditions and post-synthesis 

processing on the MTTFs properties result crucial. For example, the photocatalytic activity 

of MTTFs was found to be related to the pore array30, the morphology of the crystalline 

porous network and the crystallite size27, 31. Interestingly, all these parameters are strongly 

dependant on the post treatment temperature. 

The majority of the published works about MTTFs are dedicated to materials presenting 

interpore distances of about 10 nm, being the Im3m cubic structure produced using Pluronic 

F127 as template the most commonly reported4, 17-18, 23-28, 31-35. This arrangement usually 

evolves towards the so called “grid-like” structure after thermal treatment; anatase 

nanocrystals are formed inside the walls with sizes determined by the original interpore 

distance. Also KLE polymers1, 36-37 and Pluronic P12322, 25, 29, 38 have been extensively used 

as templates for MTTFs, obtaining similar interpore distances as in the F127 case. In 

contrast, there is scarce information about systems with thinner walls, in which size effects 

could arise. An extensive work about the first stages of Brij 58 templated films formation 

and evolution in different environmental conditions was presented by Sanchez’s group in 

200320. More recently, our group has studied the thermal evolution of Brij 56 templated 

TiO2 up to 200°C21. However, no insightful studies have been presented in order to 

elucidate whether pore size or interpore distances could induce significant changes to 

MTTFs thermal evolution. 
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Also, there is a lack of information regarding to the mechanical properties of TiO2 

mesoporous systems, which play a major role when applications of MTTFs are envisioned. 

And, once again, the reported data are limited to systems with ~10 nm interpore distances. 

Those data, obtained by EEP4, combining a Love wave platform with EEP39or by 

nanoindentation (NI)40, demonstrated that Young’s modulus changes as a function of 

porosity, pore dimensions and thermal treatment applied. 

In this study, structural changes and mechanical properties of MTTFs templated with Brij 

58 copolymer were investigated. The chosen template gives rise to MTTFs with smaller 

pores and interpore distances than the F127 templated ones, but with the same initial pore 

array (cubic Im3m), allowing a direct comparison between both systems. Glass and silicon 

were used as substrates for the films, and different calcinations temperatures were applied 

from 200°C to 450°C. 2D-SAXS and ellipsometric measurements were used to follow the 

thickness and pore array evolution of the MTTFs as a function of the temperature. Porosity 

evolution was determined by electron microscopy and EEP, and an extensive study about 

the system crystallinity was performed by XRD and Raman spectroscopy. All the structural 

information was related to the MTTFs mechanical properties, determined by 

nanoindentation. 

This knowledge of the relationship between processing and final properties of small pores 

MTTFs opens the possibility to design and optimize the thermal treatment for the potential 

application of this controlled porous systems.  

 

Experimental 

Synthesis 

MTTFs were prepared by a combination of sol-gel and Evaporation Induced Self Assembly 

(EISA) techniques20 from a sol containing an inorganic precursor and an organic pore 

template. The sol was prepared as reported in previous works20 by mixing TiCl4 (Sigma 

Aldrich) and absolute ethanol (EtOH, BIOPACK) in a 1:40 molar ratio. The pore template 

Brij 58® ([CH3(CH2)15(CH2CH2O)20OH], Merck) and E-pure H2O (R = 18MΩ.cm-1) were 

added to the mixture. The final molar composition was 1 TiCl4: 40 EtOH: 10 H2O: 0.05 

Brij 58. The same sol but without the template was prepared to obtain non-mesoporous 

titania, used as a control. 
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Substrates were cleaned with ethanol before thin film deposition. The as-prepared sol was 

deposited onto silicon (S) and glass (G) substrates by dip-coating at 2 mm s-1 withdrawal 

speed inside a camera at room temperature and ca. 30% relative humidity (RH). These 

materials were stabilized and calcined in consecutive steps. The stabilization steps 

consisted of 30 min in a chamber at 50% RH and at room temperature, 30 min at 60°C and 

30 min at 130°C. At his point, to obtain thicker films, the materials were subsequently 

stabilized at 200°C for 30 minutes; thus, a second deposition could be performed avoiding 

damaging the first layer41. Once more, these materials were stabilized up to 200°C before a 

third layer was deposited and stabilized up to 130°C. All the systems were finally treated at 

the following calcination temperatures: 200, 250, 300, 325, 350 or 375°C during 2 h 

(denoted as “2h”) with a ramp of 2°C min-1 from 130°C. After calcination at 350°C, some 

of the samples were treated at 375, 400 or 450 °C, during 15 min to induce TiO2 

crystallization26. This is a “flash” thermal treatment, denoted as “F”. These treatments were 

designed to produce conditions in which the rate of titania crystallization is greater than the 

rate of ordered structure deterioration due to extensive mass diffusion42. Samples treated at 

200 and 250°C were immersed in EtOH for 48 h to extract the surfactant before all 

measurements. 

 

Characterization 

Transmission Electron Microscopy (TEM) images and Selected Area Electron Diffraction 

(SAED) patterns were obtained with a Philips CM 200 transmission electron microscope. 

Films were scratched from the substrate and deposited on carbon-coated copper grids. 

Field Emission-Scanning Electron Microscopy (FE-SEM) images were obtained with a 

ZEISS LEO GEMINI field emission electron microscope. Samples were cut into small 

pieces and mounted on standard aluminum 12.7 mm pin stubs using carbon conductive tape 

and silver paint, to improve electrical contact. Samples were also characterized using a 

Philips 515 Electron Microscope equipped with EDS; for the EDS quantification, samples 

were scratched from the substrate and deposited on carbon conductive tape. 

2D-SAXS patterns were acquired at the SAXS2 beamline of Laboratório Nacional de Luz 

Sincrotrón equipped with a CCD camera as detector, using a 1.55 Å incidence X-ray beam. 

Sample to detector distance was 73.28 cm and the synchrotron radiation incidence angle 
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was 3° from the sample surface. Samples were prepared on thin glass slides (ca. 0.15 mm 

thick) to allow these measurements. 

XRD patterns were recorded on a Panalytical Empyrean diffractometer, using Cu Kaα 

radiation (1.54 Å), a 1° incident beam angle, a 0.38 mm divergence slit and a 15 mm mask. 

A monochromator was positioned between the sample and the detector. Diffraction patterns 

were collected from 22.5 to 28° 2θ with a step size of 0.025° and time per step of 5 s. The 

chosen range corresponds to (101) reflection of anatase, which is the only diffraction peak 

that is clearly observed in this kind of MTTFs.  

Raman scattering measurements were performed at room temperature using a Horiba 

LabRAMHR Raman system (Horiba Jobin Yvon). An Ar+ laser line at 514.5 nm was used 

as an excitation source (power output 8 mW). The laser was focused on the sample using a 

100× magnification objective which resulted in a laser spot size of 1 µm. Spectra were 

collected in the wavenumber range from 100 to 800 cm-1 on a CCD detector. A 

monochromator grating of 1800 linesmm-1 was selected to obtain a spectral resolution 

better than 1 cm-1. Acquisition conditions were set to 3 scans and 10 s integration time. 

Each sample was analyzed by measuring at least 3 different points. 

The thickness, porosity and pore size distribution were obtained by EEP. The changes of 

ellipsometric parameters Ψ and ∆ at variable vapor pressure (P/Po) of water at room 

temperature were measured in a SOPRA GES5A ellipsometer. All the samples were 

washed with absolute ethanol and dried before measuring. The experimental data was fitted 

by Winelli software with Forouhi-Bloomer dispersion law43. In order to obtain pore size 

distribution from the adsorption-desorption isotherms using models based on Kelvin 

equation44, water contact angle on films were determined by using a Ramé-Hart 190 CA 

equipment; images were analyzed using Ramé-Hart DROPimage software. 

Mechanical properties were measured in thicker samples (300-400 nm thick) by NI using a 

Nano Indenter Agilent G200 equipped with a XP head and a Berkovich diamond tip with a 

radius of ca. 20 nm. Two sets of experiments were performed for samples on silicon and 

glass substrates: 1) a batch defined with an array of 5x5 using the ISO method, applying a 

peak load of 10 mN and a decrement factor of 0.83; 2) the same batch but applying a peak 

load of 5 mN 45-46. Measured values at each load were averaged to obtain the final results. 

Separation between the indents was 25 µm and Poisson’s ratio (ν) values of 0.2, 0.22 and 
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0.2 for glass, silicon and mesoporous TiO2 respectively, were obtained from literature40. 

Strain rate sensitivity (SRS) was also investigated from NI measurements using two 

methods: constant rate of loading (CRL)47 and constant strain rate (CSR)48. More 

information is available in the SI. 

 

Results and discussion 

In order to study the thermal evolution of macro, meso and microscopic properties of 

mesoporous TiO2 thin films, samples were synthesized by dip coating on glass or silicon 

substrates. Films were stabilized until 130°C and then treated at different temperatures in 

the 200-450°C range. Two types of thermal treatments were chosen depending on the final 

desired temperature. For temperatures up to 350°C, a gentle ramp (2 °C min-1) and 2 h of 

treatment were used; from 400°C, the 350°C samples were used as base and a flash 

treatment of 15 minutes at the final temperature was applied. Sample calcined at 375°C was 

treated with the two options, to study the differences between both treatments over the 

obtained properties. 

All studied systems have thicknesses values between 100 and 400 nm, depending on the 

thermal treatment and the number of layers (3 layers were deposited consecutively to 

obtained thicker samples for nanoindentation tests).  

 

1) Pore order and thickness evolution 

 

The first step to study the thermal evolution of MTTFs was following the oxide 

mesoporous structure as a function of temperature. From 2D-SAXS measurements, the type 

of pore array and its orientation, the interplanar distances and the structure contraction were 

obtained1. Several previous works have dealt with this evolution for MTTFs, but generally 

only a part of the process was followed: the first minutes after deposition20 or the 

crystallization18, 38. 

In Figure 1 a-e, 2D-SAXS patterns of MTTFs as-prepared and treated at different 

temperatures are presented. It can be seen that the porous structure is a body centered cubic 

Im3m phase, oriented with the planes [110] parallel to the substrate, at all studied 

temperatures. The chosen thermal treatment procedure prevents the thin wall mesoporous 

Page 8 of 28

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



9 
 

structure to collapse, an improvement over previous results reported in the literature20. 

However, it is important to note that after the treatment at 350ºC the spot corresponding to 

the [110] planes is harder to see, indicating that the pore’s ordering is partially lost in the 

direction parallel to the substrate, a behavior that has been observed previously18.   

As expected, the pore structure contracts in the direction perpendicular to the substrate 

when the treatment temperature is increased1, 20. In particular, this behavior is similar to the 

one reported by Grosso and coworkers18 for the case of Pluronic F127 templated MTTFs, 

that produces pores of around double diameter than the ones studied in this work, which are 

around 3-6 nm, depending on the thermal treatment (see Table S1, SI). Hence, these results 

indicate that the thermal treatment effect over the structure’s contraction seems to be 

independent from the material’s pore size. 

  

Figure 1. 2D-SAXS pattern of samples on glass as a function of processing conditions: (a) as prepared, (b) 

130°C, (c) 200°C, (d) 350°C and (e) 400°C. (f) Structural contraction as a function of thermal treatment, 

obtained by ellipsometry and 2D-SAXS.  t=thickness; d110=[110] interplanar distance. 

 

The level of uniaxial contraction of the mesoporous structure can be calculated by 

comparing the d110 distance (which decreases as a function of temperature) and the d-110 

distance, which remains invariable (Figure S1.a, SI). Analogously, the percentage of 

contraction can be calculated by comparing the film thickness at each temperature, with the 

Page 9 of 28

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10 
 

one corresponding to the fresh film, determined by ellipsometry (Figure S1.b, SI). The 

results of these calculations are presented in Figure 1.f. It is interesting to note that the film 

contracts macroscopically (as determined by ellipsometric measurements) and 

microscopically (2D-SAXS results) in the same way. This means all the thickness variation 

can be related to the deformation of Im3m pore structure in the direction parallel to the 

substrate, at mesoscopic scale. Similar results were obtained for the MTTFs deposited on 

silicon, indicating that the substrate has not a major effect on such uniaxial contraction.  

 

2) Evolution of porosity and pore sizes 

Temperature has influence on the porosity and pore size of mesoporous materials18, 27. To 

study the effect on the Brij 58 templated samples, EEP measurements were performed. The 

obtained water adsorption-desorption isotherms are presented in Figure 2 for samples 

prepared on silicon and glass.  

 

Figure 2.Water adsorption-desorption isotherms obtained by EEP for selected TiO2-Brij58 films deposited on 

silicon and glass, as a function of treatment temperature. 
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The porous volume (see Table S1, SI) is similar for almost all samples thermally treated at 

temperatures higher than 250°C: (38 ± 3) % for samples deposited on glass, and (33 ± 3) % 

for samples prepared on silicon. Samples treated at 200°C and then immersed in EtOH to 

extract the template are less porous (around 25 %); this behavior is attributed to the lower 

degree of contraction of the structure (observed by 2D-SAXS, Figure 1.c) that give rise to 

less accessible oxides.  

A hysteresis loop (type IV isotherm), which is related to the capillary condensation taking 

place in the mesopores49-50, is observed for all the studied films (Figure 2). For samples 

prepared on glass, the isotherms changes gradually from H2 (which indicates the presence 

of pores connected by smaller openings, or ink-bottle pore structure) to H1 (cylindrical pore 

geometry) type50; this variation of the isotherm shape was previously associated with the 

generation of a more contracted structure usually called grid-like in the literature18, 27. 

Similar trends have been previously observed for mesoporous TiO2 films with larger pores 

and thicker walls, templated with F1274, 24, 27. This structural change is very marked 

between 400 and 450°C for samples deposited on glass, and is not observed for samples 

prepared on Si substrates.  

From the isotherms analysis based on the Kelvin equation44, an increment of pore and neck 

sizes with the temperature can be observed. On Si substrates, the pore diameter changes 

from (2.0 ± 0.1) to (4.0 ± 0.1) nm and the neck diameter changes from (1.7 ± 0.1) to (3.1 ± 

0.1) nm. For films deposited on glass, a more pronounced displacement of adsorption and 

desorption branches can be seen, indicating a more significant variation in pore and neck 

sizes with the temperature and the change to a more contracted pore array. On this 

substrate, pore diameter changes from (2.6 ± 0.1) to (8.2 ± 0.1) nm and neck diameter 

changes from (1.7 ± 0.1) to (5.6 ± 0.1) nm. Nevertheless, it is important to note that the 

obtained values for samples that present H1 type isotherms (the ones treated at higher 

temperatures) are not a good indication of the real pore size since these pores present a 

more cylindrical shape, which is not taken into account by Kelvin’s equation. The complete 

set of data is presented in Table S1, SI. 

The dissimilar effect of the thermal treatment over the meso-order structure observed for 

the two substrates can be attributed to a competition between two processes: the atomic-
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scale crystallization and the nanometer-scale structural change due to mass diffusion42. It 

was previously reported that these two mechanisms have activation energies with the same 

order of magnitude for P123 templated titania 42. The crystallization process in the Brij 58 

templated MTTFs will be discussed in the next sections. 

 

2) TiO2 walls thermal evolution 

2.1) TEM-SAED studies 

Electronic microscopy characterization was performed in order to follow the local changes 

in the porosity and the oxide wall structure as a function of temperature. TEM and SAED 

results are presented in Figure 3, and additional SEM surface images can be seen in Figure 

S2 (SI). 

 

Figure 3. TEM images and SAED diagrams (insets) of Brij 58 templated TiO2 thin films: (a) 200°C G, (b) 

350°C G, (c) 400°C G, (d) 200°C S, (e) 350°C S, (f) 400°C S. 
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From the presented images, it is clear that either samples deposited on glass or silicon 

present well-ordered Im3m mesopores arrays for all essayed temperatures, in concordance 

with 2D-SAXS results. In the case of silicon substrate, very small anatase crystals show up 

as dark spots in TiO2 walls zones for samples treated at T ≥ 350oC, coincidently with the 

appearance of anatase diffraction spots in the SAED diagrams (Figure 3.e and f). For films 

deposited on glass, anatase crystals could not be detected by SAED at any of the studied 

temperatures. 

 

2.2) XRD studies 

Figure 4 exhibits XRD results; the presence of crystalline anatase phase is evidenced by 

the appearance of the (101) diffraction peak at 25.4°2θ. The crystalline phase is observed 

from 350°C for samples prepared on silicon, in agreement with the SAED results. For 

samples deposited on glass, the anatase peak is observed from 375°C (2 h). This apparent 

contradiction with SAED results can be attributed to the difference in the sample amount 

studied by each technique: SAED collects information from ~ 1 µm2 of sample while the 

data obtained by XRD comes from much bigger areas (~ 1 cm2). 

The difference in the TiO2 crystallization temperature as a function of the substrate has 

been previously shown for F127 templated titania, and it was attributed to the Na+ diffusion 

from the glass substrate that delays the crystallization process23. 
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Figure 4. XRD of mesoporous titania samples prepared on glass and silicon treated from 200°C to 450°C (as 

indicated in the labels), showing the angular region for (101) anatase diffraction peak. 

 

Figure 5 shows the crystallite sizes calculated from the (101) peak using the Scherrer 

equation. Anastase nanocrystals grow after the transition temperature for each substrate is 

reached, and remain at almost the same size for higher temperatures. The largest crystalline 

domain size obtained for both substrates is in the 4 - 5 nm range, very similar to the wall 

thickness20 and clearly smaller than the values obtained for Pluronic F127 templated TiO2 

(crystallite sizes from 7 to 8.5 nm)23 and P123 templated TiO2 (values between 8.5 and 10 

nm)42 treated at similar temperatures on Si substrates.  

These results indicate that anatase crystal dimensions are restricted by wall thickness and 

that Brij 58 templated mesoporous thin films present smaller crystalline domains than the 

analogous materials with thicker walls. 
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Figure 5. Crystallite sizes calculated from the XRD data and the Raman signals for samples prepared on glass 

and silicon treated at different temperatures.  

 

2.3) Raman studies 

In order to better understand the crystallization behavior, Raman spectroscopy studies were 

performed on the same systems. In a previous work, it was possible to study the Ti (IV) 

local symmetry and accurately quantify the crystalline fraction of the inorganic walls by 

analyzing the pre-edge zone in Ti XANES spectra. This technique demonstrated that a 

small fraction of anatase-like domains is present from temperatures as low as 200°C, for 

F127 templated TiO2, even when no anatase peaks are present in XRD patterns23. In this 

work, Raman spectroscopy was used with the same purpose: to get information about the 

local environment of Ti(V) centers, which is intimately related to the degree of 

crystallization of MTTFs, by studying the Ti-O vibrations and thus, obtain information 
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about the degree of crystallization of MTTFs.51 In fact, Raman spectra provide a much 

better insight into the structure with respect to diffraction techniques and are used as a 

benchmark for detecting the presence of crystalline titania phases.51 

The obtained Raman spectra are presented in Figure 6. In all samples, the most intense 

anatase signal corresponding to Eg (ʋ6) active Raman mode can be identified. However, for 

higher temperatures, the Eg signal is more intense and more signals are visible in the 

spectra, indicating a higher degree of crystallinity. Importantly, no signs of the rutile phase 

are detected, as expected.52-53
 

 

Figure 6. Raman spectra of Brij 58-templated mesoporous titania films on glass and silicon substrates as a 

function of thermal treatment. The bands marked with * correspond to the Si substrate. 

 

The Eg (ʋ6) band is located at 144 cm-1 for pure bulk TiO2 anatase crystal54, and it has been 

demonstrated that when the crystal size is diminished, its full width at half maximum 
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(FWHM) increases, its position is displaced towards higher wavenumbers and its intensity 

decreases.52, 55 

The evolution of Eg peak position and FWHM for samples treated from 250 to 450°C and 

deposited on both substrates is shown in Figure S3 (SI). The Raman data can be combined 

with DRX data to predict the crystal size of small anatase crystals (in this case < 3 nm) that 

cannot be detected by XRD (see more of such calculations details in the SI).56 The 

calculated crystalline domain sizes obtained from these measurements are shown with those 

obtained using XRD in Figure 5. 

The most remarkable change in crystallite sizes detected by Raman starts at 300°C or 

325°C when using silicon or glass substrates, respectively. Those transition temperatures 

are lower than the ones determined by XRD (350ºC for Si and 375ºC for glass). The 

difference between Raman and XRD techniques consists in the minimal crystal-like order 

extension that may generate a detectable signal. In particular, Raman spectroscopy is able 

to detect short range order, which means that the presence of anatase-like domains is 

identified at a lower temperature than by XRD. 

It is also significant to note that for samples prepared on glass the crystalline domain size 

measured using both techniques increases from around 4 nm at 400°C to more than 5 nm at 

450°C (see Figure 5). This behavior could be related with the previously observed 

evolution of the mesoporous order (Figure 2). In fact, Im3m structure presents a highly 

restrictive geometry for crystal growth. A structure with cylindrical pores, on the contrary, 

allows crystal growth by diffusive sintering in the direction parallel to the channels, formed 

by the rearrangement of cubically ordered pores. A similar phenomenon was previously 

observed for mesostructured titania with larger pores22. 

For samples prepared on Si, the crystalline domain size remains almost constant from 

375°C and beyond, indicating that the Im3m pores structure is preserved even at the highest 

explored temperatures, and possibly constrains the anatase crystal growth. The preservation 

of the cubic mesopore structure with the flash thermal treatment previously shown by EEP 

could be related to the fact that anatase nanocrystals appear at lower temperatures. These 

nanocrystals generate stiffer walls than those obtained for MTTFs on glass, whose walls 

have a more amorphous character at the same temperatures. This amorphous character is 
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possibly associated with the Na+ diffusion from the substrate23, 57. This delay in the 

crystallization process allows the nanometer-scale structural changes due to mass diffusion. 

Another interesting observation is related to the difference, for both substrates, in the 

crystallization behavior for samples prepared by flash thermal treatments. For samples 

prepared on Si, the final crystalline domain size is reached after 2 h at 350°C, so additional 

flash thermal treatment at higher temperatures or the 2h treatment at 375°C do not 

significantly change the crystallite size, even though the total crystalline fraction rises23. In 

fact, both treatments at 375°C (F and 2h) generate approximately the same crystallite size 

(near 4 nm). For samples prepared on glass substrates, the 375°C 2 h treatment seems to be 

enough to obtain the maximum crystallite size for the samples with Im3m mesopore order 

(around 4 nm). On the other hand, when the mesoporous order transforms to a more 

contracted structure (at T > 400°C), the anatase crystals can grow during flash treatment up 

to 5 nm, and the crystallite size limit imposed by the wall thickness of the Im3m pore 

structure is no longer observed.  

 

4) Mechanical properties  

It is well known that nanosized crystallites could affect the mechanical behavior, generating 

plastic ceramics even at room temperature58-59. In addition, for mesoporous materials, it 

was reported a slight variations in the Young´s modulus as a function of the mesopore 

order60 and the pore sizes40. 

The global effect of the thermal treatment in the mechanical properties of Brij 58 templated 

MTTFs on both substrates was determined by nanoindentation. Load-displacement data 

were analyzed to obtain indentation modulus (E) of MTTFs. As an example, the measured 

curves for MTTFs on Si treated at 350°C are presented in Figure 7.a, together with a SEM 

image of the tip mark after the indentation test. The very low surface rugosity for these 

samples (less than 5 nm) makes it possible to obtain reproducible E values in all tested area, 

of around 4 cm2. Interestingly, cracking never occurs during the nanoindentation testing of 

these samples. This fact could be connected to the relaxation of the applied tension at the 

vertices of the tip marks due to the presence of pores, improving the fracture toughness of 

these materials61.  
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Figure 7. (a) Nanoindentation curves obtained for samples prepared on Si and treated at 350°C. Inset: SEM 

micrograph of a tip mark on the same sample. (b) Indentation moduli as a function of temperature for films 

deposited on glass (G) and silicon (S). 

 

The obtained moduli as a function of temperature for both substrates are presented in 

Figure 7.b.In all cases, E values are lower than the ones measured for dense titania (around 

130-150 GPa for amorphous TiO2 and 160-180 GPa for the anatase phase)46 due to the 

sample porosity61.  

For samples prepared on Si, the measured E values increase monotonously from 20 to 60 

GPa. As has been shown in the previous sections, for these samples there are not significant 

changes in the porosity or the mesopore structure as a function of temperature. As a 

consequence, the observed E variation can be associated with an increment in the TiO2walls 
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condensation and in the anatase phase concentration, even though no variation of the 

crystallite sizes for temperatures higher than 375°C are observed. 

For MTTFs prepared on glass, E values increase as a function of temperature in the 250°C - 

325°C range, as the TiO2 walls condensate and the microporosity inside these walls 

diminishes.  But remarkably, E values starts to go down from this temperature until a 

plateau is reached at 400°C. For the highest temperatures explored, the measured E values 

are around 35 GPa, almost a half of the values obtained for samples prepared on Si and 

treated at the same temperature. Curiously, the porosity and the crystalline domain size of 

glass supported samples are pretty similar to those obtained for Si supported samples. 

In the late 80´s, it was discovered that nanocrystalline oxides may presented extensive 

ductility or even superplasticity effects when the size of the nanocrystals is reduced62-64. 

More recently, for mesoporous films, Lancelle-Beltran et al. report a reduction in E values 

at high temperatures of thermal treatment for F127 templated TiO2
4, determined from 

ellipsometric porosimetry measurements44. These authors attributed the E values behavior 

at high temperatures to the full crystallization of the inorganic network which transforms 

the bulk amorphous TiO2 into a polydomain nanocrystalline suprastructure that exhibits less 

rigidity due to superplasticity appearance. This phenomenon is not observed in Figure 7 for 

Si supported samples that have similar crystalline domain sizes than samples on glass, so 

this is a strong indicator that this enhanced plasticity on glass is not a consequence of the 

small domain sizes.  

Even though, to confirm this hypothesis, several indentations were performed and different 

models were used 47-48, 65-66to obtain the strain rate sensibility (SRS) for the synthesized 

films. The exponent m of the SRS is an indicator of the materials plasticity degree (more 

information in the SI). The exponent m can vary between 0 and 1, the limits for perfectly 

brittle and perfectly ductile behaviour, respectively.65 Although room temperature m values 

of ceramics are rarely measured, as it is assumed that m ≈ 0, conventional ceramics and 

directionally bonded materials are considered superplastic if they achieve m values around 

0.359. In the particular case of nanostructured titania, NI measurements were published by 

Mayo et al., who found that m increases for grain sizes below 30 nm.64 However, the 

highest m value they have found is 0.04, far from the superplasticity region. In the case of 

the films synthetized in this work, the highest m value measured is 0.06, for Si supported 
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films treated at 400°C (see more details in the SI). In conclusion, the enhanced plasticity 

measured for Brij 58 templated MTTFs prepared on glass cannot be attributed to the 

presence of anatase nanocrystals.  

A different approach was proposed by Yaghoubi et al, who studied the mechanical 

behavior as a function of thermal treatment of TiO2 granular thin films prepared on glass 

and quartz.57 They observed a decrease in hardness and E (measured using NI) for 

thermally treated samples at temperatures higher than 300°C; they attributed this 

phenomenon to the thermal diffusion of Na+ from the glass substrate. The authors detected 

increasing amount of Na+ in the titania film surface with the temperature treatment using 

XPS, similar results were obtained later by another group.53 The Na+ ions diffuse inside the 

oxide and replace some of the high strength Ti-O-Ti bonds with weaker Ti-O-Na bonds. 

The Na+ diffusion inside the titania films is a very plausible explanation of the decrease in 

E values observed for glass supported films. This ionic diffusion also explains the delay in 

the crystallization process observed by Raman spectroscopy. The hypothesis of Na+ 

diffusion was checked by performing NI tests on titania films deposited on fused quartz 

(substrate without Na+); in this case, the authors found that samples did not exhibit that 

hardness and modulus decrease. 

To confirm the hypothesis of sodium migration from the substrate in Brij 58 templated 

MTTFs, EDS measurements were performed on scratched films supported on carbon 

conductive tape. For Si supported samples, no Na signals are observed, as expected. 

Notwithstanding, Na signals are present for samples deposited on glass, for all studied 

temperatures (Figure S5, SI). Since the Si signal from the scratched glass substrate is also 

observed and glass also contains Na, these measurements are not conclusive. However, the 

Na/Si ratio is much higher in the scratched films than in the glass substrate, indicating a 

high concentration of Na+ inside the titania film (see the results of the Na, Si and Ti 

quantification in Table S3, SI). Consequently, the most feasible explanation of the E 

decrease at temperatures beyond 325°C is the presence of Na+ in the TiO2 structure. 

In this direction, it is interesting to note that samples on glass thermally treated at 375°C for 

2 h have a lower E value that samples with a flash treatment at the same temperature; the 

larger time at high temperature could possible generate the diffusion of a higher amount of 

Na inside de TiO2 structure, with the consequence of the reduction of the E value. 
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In short, 325 - 350°C range is the optimal annealing temperature to maximize the 

mechanical properties of Brij 58 templated TiO2 films prepared on glass. For the same 

material prepared on Si, the best mechanical properties are obtained after thermal treatment 

at higher temperatures. Moreover, for MTTFs deposited on Si, higher E values can be 

obtained, reaching up to 60 GPa, while a maximum value of around 45 GPa can be 

obtained for samples prepared on glass.  

 

Conclusions 

 

In this work, the structural parameters and mechanical properties evolution of Brij 58 

templated MTTFs with the thermal treatment was presented. This evolution was measured 

for films prepared on glass and silicon substrates, and clear differences in the crystallization 

and mechanical behavior as a function of the substrate were observed. 

By means of 2D-SAXS and ellipsometry measurements, it was demonstrated that thermally 

treated films contract macroscopically and microscopically in the same way: all the 

thickness variation can be related to the deformation of Im3m pore structure in the direction 

parallel to the substrate. This behaviour was previously found for samples with pores of 

around double diameter than the ones studied in this work and thus, these results indicate 

that the contraction behavior is independent on the pore size18. 

Type IV isotherms, typical of mesoporous materials, was measured for all studied systems, 

with porosities in the range 25-35%, depending on the thermal treatment. For samples 

prepared on glass, the isotherms changes gradually from H2 to H1 type as a consequence of 

the contraction of the mesostructure; this structural change is very marked between 400 and 

450°C. Remarkably, this phenomenon is not observed for samples prepared on Si 

substrates. These differences in the mesostructural order evolution are attributed to the 

atomic-scale crystallization: this process occurs at lower temperatures for samples prepared 

on Si than in samples prepared on glass. In the case of samples prepared on Si, the early 

stiffening of the titania walls minimize the structural changes due to mass diffusion. For 

samples prepared on glass, on the other hand, crystallization is not favored at lower 

temperatures and thus, mass diffusion can occur, giving rise to the more contracted  

structures. 
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Interestingly, the obtained anatase crystal dimensions (4-5 nm, at higher temperatures) are 

restricted by the wall thickness. This means that the chosen thermal treatment procedure 

prevents mesoporous structure to collapse even when containing thin walls and small pores, 

preserving high porosity and nanocrystalline walls. As a consequence, the presented Brij 58 

templated MTTFs present smaller crystalline domains than the analogous materials with 

thicker walls.  

Moreover, the effect of the thermal treatment in the mechanical properties of samples 

prepared on both substrates was investigated. For samples prepared on Si, the obtained E 

values increased from 20 to 60 GPa; this variation is associated with an increment in the 

TiO2 walls condensation and in the anatase phase concentration as a function of 

temperature. For MTTFs prepared on glass, E values increase in the 250 - 325°C range, as 

the TiO2 walls condensate and the microporosity inside these walls diminishes, but E 

values starts to reduce from this temperature until a plateau is reached at 400°C. As the 

porosity and the crystalline domain size of glass supported samples are similar to those 

obtained for Si supported samples, the most feasible explanation for such E decrease is the 

presence of Na+ (that diffuses from the substrate) in the TiO2 structure. As a consequence, 

for samples prepared on glass the 325 - 350°C range is the optimal annealing temperature 

to maximize the mechanical properties, while higher temperatures can be used for the Si 

supported oxides, demonstrating the importance of the substrate on the MTTFs mechanical 

properties behavior.  

Finally, it is important to note that the obtained MTTFs are nanocrystalline, with very small 

crystal domains included within a highly porous array of well-ordered small pores. Such 

interesting and differential properties could be exploited for applications in photocatalysis 

and titania-based solar cells1, 26. 
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Supporting Information 

Porosity, pore diameter, interplanar pore distances and film thickness as a function of 

substrate and temperature. SEM images. Theory and experimental details related to Raman 

spectroscopy for size determination of anatase nanocrystals. EDS spectra. Theory, 

experimental details and measurements related to strain rate sensibility. 
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