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Mesoporous semiconducting films with continuous interconnectivity and minimal tortuosity, such as densely ordered arrays of vertical channels, are ideal for ensuring a maximal surface area at the heterojunction to increase the density of charges or photons (absorption/emission). While designing these films with nanostructures below 50 nm using modern lithography is not feasible, continuously perpendicular pores can be obtained throughout a TiO 2 film using a traditional soft-templating approach and lyotropic crystal engineering. We demonstrate here that a polystyrene-b-polyethylene oxide block copolymer in a three-solvent system can self-assemble into a body-centered cubic Im m template. The long-range threedimensional periodicity of the template combined with a high degree of vertical contraction results in coalescence of the pores into orthogonal channels that are strongly interconnected with their nearest neighbors in the ( ) plane. This work presents evidence of lateral long-range ordering with continuously transverse vertical porosity in a TiO 2 material, which will enable functional applications, such as filtration, sensing, catalysis, and optoelectronics. To this end, we demonstrate the ability of the films to template and host methylammonium lead iodide perovskite nanocrystals.

Introduction

Nanofabrication technology has been at the center of scientific research for several decades and has opened the door to ever downsizing circuitry. Most optoelectronic devices heavily rely on the heterojunction interface between two semiconductors. While typical technologies leverage "clean" planar junctions, increasing the interfacial surface density by texturing the junction can enhance the charge separation and optical in/output. However, traditional fabrication methods, such as lithography and nano-etching, are not only time-and energy-inefficient, require the use of toxic chemicals, and produce a significant amount of waste but also face limitations when the feature size is less than 100 nm. Although modern techniques such as optical and electron-beam lithography can theoretically achieve a resolution of 10 nm, their throughput and consistency make these techniques relatively unattractive for commercial applications. Molecular self-assembly has been recognized as a promising bottom-up alternative to creating materials with a wide variety of nanoscale patterns on a large scale using a simple chemical apparatus. [START_REF] Malgras | Templated Synthesis for Nanoarchitectured Porous Materials[END_REF][START_REF] Malgras | Nanoarchitectures for Mesoporous Metals[END_REF] These networks can act as soft templates to host precursors and shape the negative replica of various inorganic materials. TiO 2 is an example of a semiconducting oxide with remarkable properties for electronic devices and catalysis that can be shaped through softtemplating. [START_REF] Vivero-Escoto | Recent Progress in Mesoporous Titania Materials: Adjusting Morphology for Innovative Applications[END_REF][START_REF] Ismail | Mesoporous Titania Photocatalysts: Preparation, Characterization and Reaction Mechanisms[END_REF] In particular, highly ordered and interconnected mesoporous materials have an ideal structure to generate large accessible surface areas. A simple design consisting of perpendicular cavity arrays with minimal tortuosity, which could form one of the two combs from a three-dimensional (3D) interdigitated heterojunction, can be used for various types of (opto-)electronic devices, such as photovoltaics, LEDs, lasers, and transistors. [START_REF] Wang | Continuous Fabrication of Free-Standing TiO 2 Nanotube Array Membranes with Controllable Morphology for Depositing Interdigitated Heterojunctions[END_REF][START_REF] Zhao | Interdigitated CuS/TiO 2 Nanotube Bulk Heterojunctions Achieved via Ion Exchange[END_REF][START_REF] Zhao | Conformal Filling of TiO 2 Nanotubes with Dense M x S y Films for 3D Heterojunctions: The Anion Effect[END_REF] An interfacial texture with a high aspect ratio is known to enhance the density of both transferred charges and absorbed/emitted photons. While verticality enables accessibility, anisotropy, and the space necessary to connect the mesoporous surface with the substrate, high-ordering allows for density, consistency, and possibly coupling (plasmonic, photonic crystals, polarization). [START_REF] Molenkamp | Highly Polarized Luminescence from Optical Quality Films of a Semiconducting Polymer Aligned within Oriented Mesoporous Silica[END_REF][START_REF] Haberkorn | Templated Organic and Hybrid Materials for Optoelectronic Applications[END_REF] Such vertical features can also be leveraged in membranes, where straight transversal channels with monodisperse aperture sizes and catalytically active walls would be attractive functionalities for various microfiltration, sensing, and catalytic applications.

Unlike SiO 2 , however, molding TiO 2 remains challenging. [START_REF] Soler-Illia | Chemical Strategies to Design Textured Materials: From Microporous and Mesoporous Oxides to Nanonetworks and Hierarchical Structures[END_REF] The condensation rate and pH of the precursor phase constitute a dynamic system, and predicting the final configuration outside equilibrium is difficult. In traditional two-dimensional (2D)-hexagonal packing, the denser {10} lattice planes (parallel to the cylindrical pores) have a lower surface energy and primarily lie flat on the substrate. This affinity generally prevents channel-like structures from orienting perpendicular to the substrate. It is well known that the mesophase can transition from one state to another during the drying process as it moves beyond the critical micelle concentration. [START_REF] Brinker | Evaporation Induced Self-Assembly: Nanostructures Made Easy[END_REF] Grosso et al. determined that in cetyltrimethylammonium bromide or Brij 58 templates, the mesophase transitions from P6 3 /mmc (3D-hexagonal close packing) to Pm n (face-centered cubic close packing) and finally to P6m (2D-hexagonal packing). [START_REF] Grosso | A First Insight in the Mechanisms Involved in the Self-Assembly of 2D-Hexagonal Templated SiO 2 and TiO 2 Mesostructured Films during Dip-Coating[END_REF][START_REF] Grosso | Fundamentals of Mesostructuring Through Evaporation-Induced Self-Assembly[END_REF] In addition, the template calcination temperature can be close to the crystallization point, and crystal growth tends to cause the mesoporous structure to collapse. Therefore, the films can undergo several transformations during the annealing process, which can result in unexpected features.

The use of block copolymers based on poly(ethylene oxide) and poly(propylene oxide) (i.e., PEO x -b-PPO y -b-PEO x ) as template materials has been reported for the fabrication of mesoporous TiO 2 films by Wu et al., specifically Pluronic® P123 block copolymers (x/y = 20/70). [START_REF] Wu | Formation of Highly Ordered Mesoporous Titania Films Consisting of Crystalline Nanopillars with Inverse Mesospace by Structural Transformation[END_REF] Because of the small PEO hydrophilic block size, the pore walls are relatively thin and are subject to considerable migration during the thermal treatment, resulting in well-ordered vertical TiO 2 nanopillars. By contrast, when the films are templated with F127 (x/y = 106/70), the resulting thicker walls accommodate crystal expansion during annealing, which maintains the pore shape.

Several groups have reported the formation of orthogonal features, although it remains unclear whether the vertical cavities are continuous throughout the entire thickness, and limited evidence of long-range ordering is available. [START_REF] Grosso | Highly Porous TiO 2 Anatase Optical Thin Films with Cubic Mesostructure Stabilized at 700[END_REF][START_REF] Koganti | Generalized Coating Route to Silica and Titania Films with Orthogonally Tilted Cylindrical Nanopore Arrays[END_REF][START_REF] Shan | A Facile Approach for Controlling the Orientation of One-Dimensional Mesochannels in Mesoporous Titania Films[END_REF] It is not uncommon for vertical features to remain localized at the surface of the film; [START_REF] Jiang | Synthesis of Highly Ordered Mesoporous Alumina Thin Films and Their Framework Crystallization to γ-Alumina Phase[END_REF][START_REF] Weng | A High-Speed Passive-Matrix Electrochromic Display Using a Mesoporous TiO 2 Electrode with Vertical Porosity[END_REF] therefore, surface measurement techniques, such as scanning electron microscopy (SEM) or grazing-incidence small-angle X-ray diffraction (GISAXS), when considered alone can be misleading unless supported by cross-sectional imaging.

Hence, soft-templated mesoporous crystalline TiO 2 with vertical/transversal porosity and longrange lateral ordering represents a fabrication challenge. Here, we report a detailed approach to synthesizing mesoporous TiO 2 films through a soft-template approach using poly(styrene)-b-PEO (PS-b-PEO) amphiphilic block copolymers in a multi-solvent environment, which sets the conditions for effective evaporation-induced self-assembly. We carefully monitored the evolution of the pore ordering throughout the annealing process to explain the formation of channels with a high degree of ordering and verticality and demonstrated the ability of the film to isolate the formation of monodisperse perovskite nanocrystals.

Results and discussion

The mesoporous TiO 2 films were formed by adding a hydrolyzing aqueous TiO 2 precursor to the PS-b-PEO block copolymer fully dissolved in a tetrahydrofuran (THF)/ethanol solvent mixture. During the deposition, the sequential evaporation of volatile solvents (THF followed by ethanol) packs the micelles in a well-ordered fashion. After aging under atmospheric conditions (~23 °C, relative humidity between 30 and 50 %), gentle condensation was induced by annealing at a low temperature (100 °C) to ensure sufficient contrast during electron microscope observations and to limit possible damage during focused ion beam (FIB) cross-sectional cutting.

The surfaces and cross-sections of the resulting films were observed by field emission SEM (FE-SEM, Figure 1A) and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM, Figure 1B), respectively, which showed the long-range ordering of the pores in all directions. While the pore ordering at the surface span domains of 1.5 to 5 µm before changing direction (boundaries are highlighted by dashed lines in Figure 1A andB), it is continuous and consistent throughout the film thickness. The mesoporous ordering, which is maintained over the entire sample but simply rotated around the vertical axis from domain to domain, can be assigned to the (011) plane of a distorted body-centered cubic structure (bcc, Im m). This structure was previously reported for mesoporous SiO 2 based on a PS-b-PEO block polymer with a similar block size and mesoporous TiO 2 based on Pluronic F127. [START_REF] Grosso | Highly Porous TiO 2 Anatase Optical Thin Films with Cubic Mesostructure Stabilized at 700[END_REF][START_REF] Yu | Syntheses of Silica/Polystyrene-block-Poly(ethylene oxide) Films with Regular and Reverse Mesostructures of Large Characteristic Length Scales by Solvent Evaporation-Induced Self-Assembly[END_REF] Despite annealing the samples at a low temperature, the volume loss resulting from the complete removal of solvents caused a significant distortion. The observed spacing was measured to be 5.8 nm. Because the film contraction left the surface relatively intact, the lattice parameter of the undistorted cubic cell, nm, could be estimated from the observed , , and (Figure 1C-E). From the calculated undistorted ( nm), the film contracted to ~ 36 % of its original thickness. This conclusion is supported by the ellipsoidal shape adopted by the pores, with a minor-to-major pore diameter ratio of 0.42.

FE-SEM and GISAXS were used to monitor the surface and mesostructural changes as a function of annealing temperature (Figure 2). Before any thermal treatment (left image), when the film is still fully hydrated and no contraction has occurred, and on the GISAXS pattern are equidistant, resulting in a hemispherical shape for the spot dispersion of an ideal Im m structure. As the applied temperature increases to 300 °C, the X-ray scattering pattern gradually elongates in the q z direction. The compressed lattice spacing and pore shape resulting from the aforementioned film contraction is inverted in reciprocal space and appears as a vertical elongation of both the pattern and reflection spot shape. Meanwhile, the condensation and solidification of TiO 2 affords a clear contrast and is responsible for further shrinking the pore-topore vertical distance. While the surface remained mostly unchanged for calcination temperatures up to 400 °C, we observed a sudden switch from 3D to 2D ordering in the GISAXS patterns between 300 °C and 350 °C, suggesting that the isolated pores ultimately merged with their nearest neighbors along the [ ] axis. The films calcined at 400 °C exhibited three distinct spots on the q x,y axis associated with the ( ), ( ), and ( ) diffraction planes (see intensity plot in supplementary information Figure S1). Above 450 °C, gradual collapse of the mesostructure was observed, both from the FE-SEM image and loss of GISAXS contrast.

Further coalescence of inter-pores and inter-walls causes the formation of 1D arrays of nanotrenches. The samples annealed at 400 °C, which represented an optimal compromise between mesostructure and crystallinity, were further studied. The FE-SEM image of the surface magnified at 7.00k (line scan spacing of ~ 14.5 nm) reveals clear contrast patterns forming domains of 1.5 to 4 µm in size (Figure 3A). These Moiré fringes are generated from the overlap between two similar regular patterns with slight mismatching and/or rotated pitch, i.e., the linear raster of the electron beam and the periodic arrangement of pores within each domain. [START_REF] Yamauchi | Generation of Electron Moiré Fringes on Designed Nanoporous Anodic Alumina Films and Their Replicated Ni Cone Arrays: Exploration of Domain Sizes and Nanopore Arrangements[END_REF][START_REF] Wang | Formation of Secondary Moiré Patterns for Characterization of Nanoporous Alumina Structures in Multiple Domains with Different Orientations[END_REF] Note that Moiré domains with low (or no) contrast are not a sign of poor arrangement, but simply indicate that the Moiré conditions are not fulfilled (relative rotation > 20°). The FE-SEM image magnified at 50k provides a clear view of an entire domain (Figure 3B) used to generate the fast Fourier transform (FFT) shown in the inset, where several orthogonal planes can be readily assigned with a close match to and from the GISAXS patterns (Figure 2). We believe that various factors are responsible for such a leap in long-range lateral ordering compared with previous works. 1) The influence of the hydrophilic-lipophilic balance (HLB) of block copolymer assemblies has been widely investigated in systems under thermodynamic equilibrium but scarcely when it comes to mesoporous thin films. [START_REF] Kozlov | Relationship between Pluronic Block Copolymer Structure, Critical Micellization Concentration and Partitioning Coefficients of Low Molecular Mass Solutes[END_REF] Amphiphilic molecules with small HLB values yield dense mesophases (e.g., lamellar) at lower concentrations and can be more difficult to control than those with larger HLBs. Once the lyotropic crystalline phase is reached the more hydrophobic the core is, the more robust the micelle, and thus the harder it is to achieve electrostatic assembly. [START_REF] Wan | Designed Synthesis of Mesoporous Solids via Nonionic-Surfactant-Templating Approach[END_REF] Compared with F127 (PEO 106 -PPO 70 -PEO 106 ), the PS 36 -b-PEO 113 amphiphilic molecules have similar head and tail lengths but a tail that is twice as hydrophobic (HBL F127 = 22, HBL PS-b-PEO = 11.4), [START_REF] Kadam | Micelles from PEO-PPO-PEO Block Copolymers as Nanocontainers for Solubilization of a Poorly Water Soluble Drug Hydrochlorothiazide[END_REF][START_REF] Grunenwald | Hydrophobic Mesostructured Organosilica-Based Thin Films with Tunable Mesopore Ordering[END_REF] which is likely to promote the long-range cohesive assembly of rigid spherical micelles. 2) Inspired by research on solvent vapor annealing, [START_REF] Sinturel | Solvent Vapor Annealing of Block Polymer Thin Films[END_REF] we noticed that the reproducibility and long-range ordering were improved by aging the films for 10 to 20 min in a sealed container containing a petri dish with THF immediately after spin-coating. This step, which has rarely been reported, partially re-dissolves the PS blocks, thereby softening the micelles and enabling enough mobility for the system to relax thermodynamically in a state approaching equilibrium.

The cross-sectional HAADF-STEM image highlights the presence of linear mesochannels continuously connecting the surface pores to the bottom substrate (Figure 3C). Note that the channels have a high degree of verticality and low tortuosity and that the top surface roughness is negligible. Under these synthetic conditions, the thickness of the film is c.a. 130 nm, but this can be easily tuned between 30 and 210 nm by adjusting the block copolymer concentration or the spin-coating speed; however, a high concentrations can lead to a disordered structure, whereas a slower rotation speed can yield irregular coating. The pore wall crystallinity can be assessed from the high-resolution transmission electron microscopy (TEM) image in Four distinct events were distinguished from the thermogravimetric analysis (Figure 4B). Note that we kept the timeline on the x-axis to highlight the effect of the temperature plateau. The initial event A, a 20% mass loss accompanied by an endothermic peak at 50 °C, can be attributed to the evaporation of trapped ethanol. Event B (30% mass loss) likely includes the desorption/evaporation of water, which is known to occur up to 200 °C, as well as other chlorinated species (HCl, Cl -) as side products from the hydrolysis/condensation reactions.

Events C and D are expected to arise from the decomposition of hydroperoxide radicals and from the breakdown of oxidized carbon species into their volatile forms, respectively. These events are caused by the pyrolysis in air of the PS-b-PEO block copolymer. Although previous works have reported the decomposition of similar polymers at temperatures higher than 400 °C, [START_REF] Gutierrez | Hybrid Titanium Dioxide/PS-b-PEO Block Copolymer Nanocomposites Based on Sol-Gel Synthesis[END_REF][START_REF] Scalarone | Porous and Worm-like Titanium Dioxide Nanostructures from PS-b-PEO Block Copolymer Micellar Solutions[END_REF] the extremely slow heating ramp used in our method (1 °C/min) and long plateau could cause these processes to occur at lower temperatures. Finally, the exothermic peak at 365 °C corresponds to crystallization into anatase TiO 2 . The successful formation of vertical channels relies on highly dynamic mechanisms such as the differential evaporation rate of each solvent under the set temperature and humidity. THF, the only solvent in the present system that can fully dissolve the PS block, promotes complete dispersion and prevents aggregation. The presence of ethanol is crucial for efficient wetting of the substrate but also alleviates the transition caused from the rapid evaporation of THF, allowing the system to adjust and reorganize into the appropriate mesophase with a cubic Im m arrangement. Increasing the water content would affect the TiO 2 hydrolysis/condensation reaction; therefore, ethanol acts as an ideal surrogate to dilute the lyotropic liquid crystal. For example, a low ethanol content (10 v/v%) generally leads to disordered porosity (Figure S2A)

and discontinuous vertical features (Figure S2B). On the other hand, an excessive amount of ethanol (75 v/v%) results in large domains with loosely packed square symmetry (Figure S2C).

Similar to the previous sample, the vertical features do not span the whole thickness of the film.

The in-plane spots observed in the GISAXS patterns generated from these discontinuous structures were usually obliquely elongated (Figure S2D).

We also investigated the possibility of tuning the diameter of the vertical channels by selecting PS-b-PEO block copolymers with various PS block sizes (Figure 5). We observed a strong correlation between the PS block size and the pore diameter (measured from the FE-SEM images), as evidenced by the linear trend in Figure 5F (black). Although the pore-to-pore distance dependence upon the PEO block size also seems to be linear (white), the trend fails for molecules where the PS block is significantly larger than the PEO block (PS 130 -b-PEO 91 , pentagon). Most importantly, we observed three levels of mesoscopic ordering: disorder, shortrange order, and long-range order. As opposed to long-range ordering, short-range ordering is characterized by slightly tilted and larger spots on the GISAXS pattern. We noticed that lateral and vertical long-range ordering do not strongly depend on the PS/PEO molecular weight ratio Other space groups were considered because the hexagonal pore geometry observed at the surface could theoretically be the ( ) plane of a face-centered cubic structure (Fm m) or the ( ) plane of a hexagonal (close-packed) structure (P6 3 /mmc). However, the most intense spots on the GISAXS patterns correspond to the dominant diffraction features of the ( ) and ( ) plane families and would not match that of the face-centered cubic nor hexagonal structures. [START_REF] Gonzalez Solveyra | 2D-SAXS in Situ Measurements as a Tool to Study Elusive Mesoporous Phases: The Case of p6mm TiO 2[END_REF] In addition, the location of the pores just below the surface is critical in determining the space group assignment. In a close-packed configuration, the subsequent pores should sit precisely in the middle space between three (for P6 3 /mmc) or four (for Fm m) nearest neighbors from the surface plane. Here, the high magnification FE-SEM image in Figure 6A reveals dark areas that can be differentiated from the top pores (in black) and the pore walls (light gray). These darkgray spots are positioned between two neighboring pores within the same ( ) plane and constitute cavities from calcined micelles located either above (shallow rift) or below the surface (thinning of the TiO 2 layer). This observation corresponds to the ( ) plane of a bcc structure (see inset). These intercalated pores not only afford the ( ) orthogonal planes a high pore density, which justifies the high diffraction intensity but are also expected to bridge the two adjacent vertical channels with a certain degree of microporosity, as illustrated in Figure 6C.

This is also consistent with the surfaces observed after treatment at higher temperatures (450 °C and 500 °C), where further mass movement and the collapse of the mesoporous roof revealed the underlying nano-trenches. Various mechanisms are involved in the film contraction; the major ones are summarized in Figure 6B, where the experimental -spacings are plotted against temperature. After the rapid evaporation of THF, spherical micelles form with the hydrophobic PS blocks at the core due to the remaining ethanol/water mixed solvent. The mesogen concentration is such that selfassembly occurs via loose packing, but the subsequent evaporation of ethanol brings the micelles together in a tighter fashion through unidirectional contraction. [START_REF] Grosso | Highly Porous TiO 2 Anatase Optical Thin Films with Cubic Mesostructure Stabilized at 700[END_REF] This is followed by condensation of TiO 2 , water evaporation and, at a later stage, decomposition of the PEO blocks.

By contrast, the thermal stability of the PS blocks is believed to keep the structure from collapsing until complete decomposition. The coalescence observed in Figure 2 takes place simultaneously with the crystallization into the anatase phase (Figure 4), suggesting that a high atomic mobility facilitates the displacement of TiO 2 nucleation from the forming channels toward the pore walls. We presume this event can only occur if the walls between two neighboring pores in the [011] direction (separated by ) is extremely thin ( h pore ).

Therefore, the balance between pore size, pore-to-pore distance, and contraction dynamics is critical.

We demonstrated the ability of these films to host individual methylammonium lead iodide nanocrystals within their pores. The method is inspired by the screen-printing approach, where ink is spread and pressured through a mesh using a rubber squeegee. Here, a soft polydimethylsiloxane (PDMS) blade was used to drive the perovskite precursor into the pores while cleaning excess material from the surface. The films were then annealed at 100 °C for 15 min to remove the solvent and allow the perovskite to crystallize. FE-SEM images of our mesoporous TiO 2 film, along with a well-known TiO 2 nanopillar film, [START_REF] Wu | Formation of Highly Ordered Mesoporous Titania Films Consisting of Crystalline Nanopillars with Inverse Mesospace by Structural Transformation[END_REF] show the state of the surface before and after perovskite infiltration (Figure S3A-D). Because of the large and irregular spaces between the nanopillars in the well-known TiO 2 film, the formation of polydisperse perovskite crystals (Figure S3B) led to a broad photoluminescence emission band (Figure S3E), with each crystal size emitting at a different wavelength. By contrast, the pores from the mesoporous film appeared to be uniformly filled to some extent (Figure S2D), with negligible agglomeration. As a result, the emission wavelength was clearly blue shifted from the traditional bulk emission (from 745 to 682 nm) with a narrow bandwidth. Therefore, the TiO 2 film with vertically aligned nano-channels can act as both a host template and electron transport material, which can be leveraged in optoelectronic devices in the future.

Conclusions

We have studied in detail the formation of mesoporous TiO 2 films with pore diameters ranging from 10 to 20 nm that are ordered over several micrometers and vertically oriented, as well as strongly interconnected throughout the entire thickness of the film. The soft-template approach uses under-explored low-molecular-weight PS-b-PEO block copolymers that form spherical micelles (PS-core and PEO-shell) packed in a bcc (Im m) structure upon the sequential evaporation of THF and ethanol. From our studies on the temperature, solvent composition, and polymer block size, we conclude that the formation of vertical channels results directly from the coalescence of well-aligned pores in the orthogonal direction [011] due to thermally induced film contraction. The relatively sizeable pore-to-pore distance and slow annealing process allow for crystallization and crystal expansion without jeopardizing the film integrity for temperatures up to 400 °C. As a result, nanocrystalline anatase TiO 2 with crystallites on the order of ~15 nm can be obtained. While the pore size and pore-to-pore distance were observed to be linearly dependent on the PS and PEO block sizes, we could not establish a connection between the PS/PEO molecular ratio and the stability of the system. Instead, it seems that maintaining the PEO block size between 4000 and 6000 mol/g while changing the PS block size to tune the pore diameter can ensure sufficient ordering to generate the post-calcination vertical cavities. The role of ethanol as a PS swelling agent might also represent an interesting subject of study. The clear formation of monodisperse perovskite nanocrystals with the mesoporous film represents promising evidence that it is possible to form an interdigitated structure with a surface area improved by 15-fold compared with its planar counterpart (estimated from pore density, depth, and diameter).

Experimental details

Materials

The PS n -b-PEO m diblock copolymers ({n, m} = {14, 54}, {22, 70}, {36, 113}, {86, 227}, {120, 317}) were purchased from Polymer Source. Methylammonium iodide (MAI) and lead iodide (PbI 2 ) were obtained from Sigma Aldrich. All other chemicals were of reagent grade and acquired from Fujifilm Wako Pure Chemical.

Methods

Si substrates were cut and cleaned through successive sonication in acetone and ethanol prior to deposition. In a typical fabrication process, the first mixture was prepared by dissolving 30 mg of PS 36 -b-PEO 113 block copolymer in 1.2 mL of THF, after which 0.8 mL of ethanol was added.

The hydrolyzing TiO 2 precursor was prepared by slowly adding 150 µL of cold TiCl 4 to 200 µL of concentrated HCl. After redissolution of the rapidly formed precipitate, 300 µL of deionized water was added. The precursor solution was then added to the block-copolymer mixture and stirred for 30 min before being spin-coated on Si substrates at 3000 rpm for 30 s. The films were aged for 15 min under a THF atmosphere, followed by 2 h in a temperature/humidity chamber (IW222, Yamato) at 23 °C and 40% RH, and finally calcined in air at 400 °C for 4 h at a 1 °C/min ramp.

TiO 2 nanopillar films were fabricated according a previously reported procedure. [START_REF] Wu | Formation of Highly Ordered Mesoporous Titania Films Consisting of Crystalline Nanopillars with Inverse Mesospace by Structural Transformation[END_REF] For the perovskite hosting experiment, an equimolar solution of MAI and PbI 2 in γ-butyrolactone (1 M) was prepared and left to stir overnight. A drop of the precursor was drop-cast onto the film, and a PDMS blade was used to manually spread and clean the surface, followed by heating at 100 °C for 10 min.

Material characterization

The surfaces of the films were observed using a scanning electron microscope (Hitachi SU8230) at an operating voltage of 15 kV, working distance of 8.0 mm, and pressure of 2 × 10 -8

Pa. High-resolution TEM and HAADF-STEM images were observed using a transmission electron microscope (JEM-2100F, JEOL) at an acceleration voltage of 200 kV and spot size of 0.7 nm (for STEM). The cross-sections were processed by a FIB (Ga) (Hitachi FB-2100) and thinned to ~80 nm. 2D GISAXS profiles were obtained with a Rigaku NANO-Viewer (microfocus rotating anode; Cu Kα radiation; 40 kV, 30 mA) using a camera length of 680 mm.
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 1 Figure 1. A) FE-SEM image and B) cross-sectional HAADF-STEM image of the mesoporous

Figure 2 .

 2 Figure 2. FE-SEM images (top) and GISAXS 2D profiles (bottom) of the mesoporous TiO 2

Figure 3D.

  The crystal lattice, indexed to anatase from the FFT pattern shown in Figure3E, spans the entire wall thickness (~ 8.5 nm) and can reach lengths of up to 30 nm. This was further supported by X-ray diffraction (XRD, Figure4A), where TiO 2 anatase reflection peaks appeared when the films were annealed at temperatures higher than 350 °C. The crystallite size calculated from the Scherrer equation (assuming spherically shaped crystals, K = 0.89) is 14.0 ± 0.7 nm for the samples annealed between 350 and 450 °C and 17.0 ± 0.7 nm for those annealed at 500 °C, which are between the wall thickness and maximum crystal length observed along the channels by TEM.

Figure 3 .

 3 Figure 3. FE-SEM images of the mesoporous TiO 2 film surface at A) 7k and B) 50k

Figure 4 .

 4 Figure 4. A) XRD patterns of mesoporous TiO 2 films annealed at various temperatures. The

  (δ). PS 14 -b-PEO 54 , PS 22 -b-PEO 70 , PS 36 -b-PEO 114 , PS 86 -b-PEO 227 , and PS 120 -b-PEO 318 all have δ between 0.63 and 0.90; PS 22 -b-PEO 70 and PS 86 -b-PEO 227 have short-range ordering (Figure 5C); and, PS 14 -b-PEO 54 and PS 120 -b-PEO 318 are disordered (Figure 5A, E). By contrast, fixing the PEO block size to 4000-5000 mol/g results in long-range ordering, although the δ-values are significantly different (Figure5B, D). Therefore, we can conclude that the ability of the template to adopt and retain long-range ordering is predominantly attributable to the inter-micellar distance dictated by the PEO block size, which later ensures oriented coalescence. We further observed that the films exhibiting a disordered porous surface also lacked continuous vertical channels, highlighting the importance of pore alignment for coalescing in straight anisotropic shapes.

Figure 5 .

 5 Figure 5. FE-SEM images of mesoporous TiO 2 films fabricated from PS n -b-PEO m with different

Figure 6 . 2 .

 62 Figure 6. A) High-magnification FE-SEM images of mesoporous TiO 2 films. Dashed circles

Namiki Foundry and the TEM station facilities from NIMS were both involved in the preparation of samples (FIB) and TEM observations. 3D modeling of the porous structure was carried out using Vesta (ver. 3.3.2). [START_REF] Momma | VESTA 3 for Three-Dimensional Visualization of Crystal, Volumetric and Morphology Data[END_REF]