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Hybrid organic-inorganic metal halide perovskites have fascinating electronic properties and have already been implemented in various devices. Although the behavior of bulk metal halide perovskites has been widely studied, the properties of perovskite nanocrystals are less well understood because synthesizing them is still very challenging, in part because of stability. Here we demonstrate a simple and versatile method to grow monodisperse CH 3 NH 3 PbBr x I x-3 perovskite nanocrystals inside mesoporous silica templates. The size of the nanocrystal is governed by the pore size of the templates (3.3, 3.7, 4.2, 6.2 and 7.1 nm). In-depth structural analysis shows that the nanocrystals maintain the perovskite crystal structure, but it is slightly distorted. By tuning the size of the particles, we can observe quantum confinement, which provides an additional route to tune the optical bandgap of the nanocrystal, besides the ratio of bromide to iodide. The level of quantum confinement was modeled taking into account the dimensions of the rod-shaped crystals and their close packing along the channels of the template. Photoluminescence measurements on CH 3 NH 3 PbBr clearly show a shift from green to blue as the pore size is decreased. Synthesizing perovskite nanostructures in templates improves their stability and enables tunable electronic properties via quantum confinement. These structures may be useful as reference materials for comparison with other perovskites, or as functional materials in all solid-state light-emitting diodes.

INTRODUCTION

Hybrid organic-inorganic metal halide perovskites exhibit unusual electronic, optical and crystallographic properties enabling high mobilities 1,2 and long diffusion lengths. 3,4 They are promising candidates for photovoltaic applications and have rapidly achieved outstanding performances. [5][6][7][8][9] The chemical structure obeys the AMX 3 stoichiometry, where A is the organic cation (e.g., methylammonium (CH 3 NH 3 ) + , formamidinium (CH(NH 2 ) 2 ) + ), M is the metal cation (e.g., Pb 2+ , Sn 2+ ), and X is the halide anion (e.g., Cl -, Br -, I -). The optical bandgap can be tuned by selecting the appropriate A and X components: methylammonium and bromide lead to wider bandgaps than formamidinium and iodide, respectively. 10 While mixing bromide and iodide offers good control over the absorption band edge, these intermediate compositions can decrease the overall stability because it induces structural hindrances and can be prone to the formation of microdomains. 11 While numerous studies on bulk lead halide perovskites exist in the literature, less attention has been directed towards the synthesis and properties of CH 3 NH 3 PbX 3 quantum dots. The ability to tune the optical response of perovskites by altering their size or surface chemistry is useful for various light-emitting applications (e.g., LEDs, lasers). In addition, quantum confinement offers a different angle from which the electronic properties can be studied and manipulated. Many semiconductor nanocrystals (e.g., Si, Ge, GaAs, PbS, CdSe, etc) display interesting behavior when their radius is less than the exciton Bohr radius, such as bandgap expansion, increased Coulombic attraction of the paired charges, energy level quantization, and slower electronphonon relaxation. [12][13][14][15] Research on CH 3 NH 3 PbX 3 nanocrystals has been primarily limited to colloidal nanoplatelets [16][17][18][19] and nanoparticles, [20][21][22][23] through co-precipitation or seeding methods, as well as encapsulation in alumina. 24 Not only are these materials difficult to obtain (e.g., multiple steps, use of chemical vapor deposition, separation), but they also typically yield small amounts of material. In addition, the optical properties of the material can become difficult to assess and separate from the localized surface states induced by organic ligands. Compared to PbSe, InSb or even CdSe, the exciton Bohr radius of CH 3 NH 3 PbX 3 is rather small (r ~ 20 Å) 25 and thus quantum confinement will only be observed for crystals with a radius much smaller than 10 nm.

We used highly ordered mesoporous materials as templates to guide the confined growth of nanoparticles and keep them isolated from each other. Over the last three decades, zeolites and mesoporous templates have been used to synthesize inorganic nanoparticles such as metals, oxides, carbons or semiconductors with simple compositions in order to study their catalytic, magnetic, and optical properties. [26][27][28][29][30][31][32][33] LaCoO 3 and LaNiO 3 perovskites have been synthesized in mesoporous silica by impregnating them with aqueous solution of nitrate salts followed by calcination. 34,35 Here, we synthesized CH 3 NH 3 PbBr x I 3-x perovskite (with x = 0, 1, 2, 3) inside mesoporous silica templates to produce monodisperse 0D and 1D nanocrystals. Each template in this work is characterized by a specific pore size, limiting the crystal growth to a specific particle size, thus allowing us to control the level of confinement. We used mesoporous silica matrices having pores of diameters d pore ≈ 7.1, 6.2, 4.2, 3.7, and 3.3 nm. The N 2 adsorption/desorption isotherm data along with the calculated pore size distribution and small-angle X-ray scattering (SAXS) for each mesoporous silica template can be found in Figure S1. Our method uses capillary forces to fill the templates. Because of the relatively low interfacial surface tension between N,N-dimethylformamide (DMF) and silica, the dissolved perovskite precursors can be carried inside the channels with minimal resistance. Additionally, the chemistry underlying the formation of perovskite crystals does not involve the formation of any side-products that might require subsequent extraction. Crystallization of nanocrystals is induced by gradual supersaturation as the solvent evaporates. This method offers a simple, rapid, high-yield route to generate embedded perovskite quantum dots with an accurate control over the crystal size.

EXPERIMENTAL METHOD

Materials:

Lead iodide (PbI 2 , ≥ 99.0%) and lead bromide (PbBr 2 , ≥ 98.0%) were purchased from Sigma-Aldrich and hydroiodic acid (HI, 57% in water), hydrobromic acid (HBr, 48% in water), methylamine (MA, 40% in methanol solution) and N,N-dimethylformamide (DMF, ≥ 99.7%) were acquired from Wako Pure Chemical Industries, Ltd. The chemicals were used without further purifications.

Precursors synthesis:

The methylammonium iodide/bromide (MAX, X = I, Br) was prepared by mixing equimolar ratios of MA solution and HI or HBr under constant argon flow, with the flask sitting in an ice bath for 2 h. The precipitate was rinsed with diethyl ether three times and recrystallized from ethanol. Before use, MAX was left overnight in a vacuum oven at 60 °C. Each composition was prepared by mixing equimolar ratio of MAX and PbX 2 (i.e., x = 0, MAI + PbI 2 ; x = 1, MABr + PbI 2 ; x = 2, MAI + PbBr 2 ; x = 3, MABr + PbBr 2 ) in DMF. The concentration was 0.5 M for x = 0 and 1 and 0.2 M for x = 2 and 3.

Powders preparation:

The mesoporous silica powders with different pores of diameters d pore ≈ 7.1, 6.2, 4.2, 3.7, and 3.3 nm, were synthesized according to previously published methods, 36,37 and the organic template was removed by calcination treatment at 500 °C for 6 h. The silica powders were dried overnight under vacuum at 80 °C before use. 20 μL of each perovskite precursor was added dropwise to 40 mg of each mesoporous silica followed by vortex mixing for 30 min. The powders were then dried on a hot plate at 95 °C for 30 min before further characterization. Bulk perovskite used as a control sample was prepared by mixing the perovskite solution with non-porous silica nanospheres (~350 nm), which was found to promote the photoluminescence properties when compared to the bare polycrystalline bulk.

Structural analysis:

The wide-angle powder X-ray diffraction patterns (PXRD) were obtained with a Rigaku Rint 2500 diffractometer with monochromated Cu K radiation at a rate of 0.2°•min -1 . The high-resolution transmission electron microscope (HR-TEM) and scanning transmission electron microscope high-angle annular dark-field (STEM HAADF) images were obtained with a JEM-2100F TEM (JEOL, Japan) operated at an accelerating voltage of 200 kV with a spot size of 0.7 nm. Low-angle XRD profiles were acquired on a NANO VIEWER (Rigaku, Japan) equipped with a Micro Max-007 HF high-intensity micro-focus rotating anode X-ray generator. X-ray total scattering data for obtaining pair distribution functions (PDFs) [START_REF] Egami | Underneath the Bragg peaks: structural analysis of complex materials[END_REF] were collected on a Rigaku R-AXIS imaging plate detector at the BL04B2 beamline of SPring-8 at a beam energy of 61.39 keV (λ = 0.20196 Å). Details are available in the Supporting Information. The energy dispersive X-ray spectroscopy (EDX) was performed using a Hitachi FE-SEM S-4800 with an accelerating voltage of 15 kV. The nitrogen adsorptiondesorption isotherms were obtained with a high-precision Belsorp-mini apparatus (Bel Japan, Inc.) at 77 K and the Barrett-Joyner-Halenda (BJH) method was used to calculate the pore size distribution of each silica template. 39,40 Optical measurements: The UV-Vis-NIR absorption spectra of the solid powders were calculated from the reflectance spectra obtained on a JASCO V-570 at a scan rate of 400 nm•min -1 from 220 to 1000 nm using a deuterium or halogen lamp as a light source (for the 220-350 nm range and 350-1000 nm range, respectively). Photoluminescence (PL) spectroscopy was performed on a JASCO FP8500 at a scan rate of 500 nm•min -1 , with 10 nm slits. The photographs of the fluorescing powders were obtained under an AS ONE SLUV-8 UV lamp emitting at 254 nm. The PL lifetime measurements were carried out on a Hamamatsu Photonics Quantaurus-Tau at an excitation wavelength λ ex = 365 nm. Absolute quantum yield (QY) measurements were performed on a Hamamatsu Photonics PMA-12 equipped with an integrated sphere and a Xenon lamp set at an excitation wavelength of λ ex = 365 nm. To verify the accuracy of the system, prior to measuring the composites samples, Coumarin 6 (standard QY of 78%) and Rhodamine B (standard QY of 68%) dissolved in ethanol returned QY values of 78% and 66%, respectively.

RESULTS AND DISCUSSION

Each CH 3 NH 3 PbBr x I 3-x perovskite composition was obtained by combining equimolar ratios of PbX 2 and CH 3 NH 3 X (with X = Br, I) in DMF. EDX was used to confirm the final Pb:X ratios: 1.00:3.00 (± 0.06) and 1.00:3.07 (± 0.14) for the bromide-and iodide-based perovskite, respectively (Figure S2). The solutions were mixed with the mesoporous powders using vortex stirring at 2000 rpm for 30 min. After the solutions had thoroughly impregnated the pores, the powders were dried at 95 °C. The color of the powders changed within 5 min, as the solvent evaporated and the perovskites crystallized. The material was held at 95 °C for an additional 30 minutes to ensure complete evacuation of DMF from the pores. Qualitatively, the final color of each powder depended on the size of the template and the Br concentration, showing a clear spectral shift from black/brown to yellow/green as d pore decreases and x increases (Figure 1). From the N 2 adsorption/desorption isotherm data, the average pore sizes are found to be d pore ≈ 3.3, 3.7, 4.2, 6.2 and 7.1 nm (Figure S1). The SAXS patterns (Figure 2a) of the templates containing CH 3 NH 3 PbBr 3 can be observed. The pores exhibited periodic, long-range ordering, with peaks indexed to the (10), (11), and (20) of a 2D hexagonal mesostructure (P6mm). The pore-to-pore distance is calculated from , and the overall specifications for each template can be found in Table S1.

To test whether the perovskite grows into the typical cubic phase in the presence of silica, we performed a Rietveld refinement on synchrotron XRD data obtained on the bulk perovskite/silica nanosphere composite (x = 3). Figure 2c shows that the crystals grow into a typical CH 3 NH 3 PbBr 3 perovskite cubic phase (Pm ¯,3 m, a = 5.9286(4) Å). In conventional PXRD, the patterns of the perovskite nanocrystals inside the templates adopt the cubic crystal structure (Figure 2b), but gradual broadening of the Bragg peaks (e.g., 100 around 15°) is observed as the pore size decreases. Similar features could also be observed in the PXRD patterns for our CH 3 NH 3 PbI 3 samples (see Figure S3). Note that the broad peak centered at around 22° is attributable to the amorphous SiO 2 .

Although X-ray diffraction is sensitive to the crystallographic symmetry of the materials, much of the information on short to medium range ordering cannot be assessed from the Bragg peaks, especially in nanomaterials due to peak broadening. Pair distribution function (PDF) analysis is sensitive to the networks present in materials, and takes into account all the components of a sample including crystalline, nanocrystalline and amorphous phases. 41 Using PDF, we can examine the local to intermediate range ordering of nanocrystals to clarify the structure and detect the presence of amorphous phases. PDF measurements on the bulk perovskite sample fit the cubic perovskite model very nicely (Figure S4a). On the other hand, PDF measurements on nanocrystal samples show some discrepancies (Figure S4b). For example, in the 3.3 nm template, the material has a broad peak at 6.32 Å with a shoulder around ~5.93 Å, indicating there are two different Pb-Pb nearest neighbor distances. The typical CH 3 NH 3 PbBr 3 crystal has a lattice constant of ~5.93 Å, suggesting that the nanocrystals match the perovskite structure, but also has cells containing some expanded Pb-Pb distances or which possess a distorted structure. This was also observed at longer distances, such as the peak around 12 Å, explaining why the (100) peak in the PXRD becomes broad in the nanocrystalline systems (Figure 2a). To fit the PDF data we used the reverse Monte Carlo method to analyze the data assuming a ~2.3 nm CH 3 NH 3 PbBr 3 particle (Figure S4c). In this context, PDF is not used to determine the absolute structure, but as a comparative technique in combination with the PXRD data to conclude that the nanocrystals have a distorted perovskite network. A comparison between the PbBr 6 octahedra from the classic cubic structure and from the nanocluster model is shown in Figure 2d,e to highlight the distorted Pb-Br-Pb bonds (illustration of the whole cluster can be found in Figure S4d). Further details on these distortions will be reported in the future after performing additional PDF measurements.

The PXRD patterns for most samples have overlapping sharp and broad peaks. The sharpest peaks correspond to the {h00} diffraction planes, strongly suggesting that the perovskite inside the channels grows along the <100> direction forming elongated crystals or nanorods. In order to separate the broader contributions from the sharp ones, the peaks were fitted by a double Gaussian function and the Scherrer equation was used to estimate the average crystallite size in each sample (see Figure S5). Note that we used the peaks outside of the amorphous silica range, where the background could be subtracted clearly, and the results are reported in Table S1. For pore sizes ≤ 6.2 nm, the estimated crystallite sizes are 0.7 to 1.3 nm smaller than the pores. The ratio of spherical particles to nanorods is roughly estimated to be 5.1 ± 1.4, based on the integrated Gaussian fit.

Transmission electron microscopy (TEM) was used to image the CH 3 NH 3 PbBr 3 and CH 3 NH 3 PbI 3 nanocrystals encapsulated in the silica templates. This class of perovskite is notoriously sensitive to electron beam damage, so the TEM micrographs were taken with great care to minimize the exposure/dwelling times and avoid changes in morphology. The HR-TEM images (Figure 3ac) show the presence of a mixture of spherical and rodshaped particles that extend across the width of the channels. The Fourier transform of the HR-TEM images shows that the lattice fringes match the {211} and {200} crystal plane (d 211 = 2.68 ± 0.02 Å, d 200 = 2.99 ± 0.02 Å), the latter being oriented along the direction of the channels (Figure 3d,g). Exposure to the electron beam did not affect the morphology of the nanocrystals, and the observed lattice parameter is far enough from the Pb {111} crystal plane (d 111 = 2.852 Å), allowing us to rule out the possibility of electron beam-induced chemical reduction or precipitation. 19 The preferential growth of nanorods along the <001> direction matches the PXRD data and has been previously reported for CH 3 NH 3 PbBr 3 nanowires. 42,43 The STEM images (Figure 3e,f) show that the nanocrystals are closely distributed along the channels and that the templates do not suffer from any deformation or collapsing (see Figure S6). For each sample, the crystallized perovskite was observed inside the templated channels, as clearly shown by the bright particles/nanorods aligned parallel to each other. The spherical nanoparticles and nanorods size distribution histograms (over 100 nanocrystals), measured on both HR-TEM and STEM micrographs, closely match pore size distribution of the mesoporous silica calculated from the isotherms with the Barrett-Joyner-Halenda (BJH) method.

Figure 4 shows the UV-Vis-NIR spectra for the different silica templates and the four compositions. The reflectance data is reported as absorption spectra to enable better comparison with the previous literature. The data provides a clear measurement of the direct optical bandgap of the CH 3 NH 3 PbBr x I 3-x perovskites due to their sharp band edge. The bandgap energies measured for the various bulk compositions are similar to what was previously reported for comparable materials (the numerical values are reported in Table 1). 11,44 Small variations can be expected because the local crystal structure of hybrid perovskites is affected by the crystallinity and surface structure of the substrate. 8,33 The bulk samples include amorphous silica nanospheres to provide a similar perovskite/silica interface to the mesoporous templates. These measurements have no supplementary shoulder that would indicate the presence of both bulk and nanocrystals (example in Figure S7), confirming that the perovskite crystallized exclusively inside the mesopores and not at the surface of the grains. For each composition, a gradual shift of the band edge towards higher energies is an indication of how the bandgap increases due to confinement. With only four different compositions, one can easily cover the absorption spectrum from 1.52 to 2.62 eV with increments of less than 0.15 eV. The appearance of an excitonic peak is a signature of stronger electron-hole correlation as the crystal size is reduced. This feature appears to become more prominent as the Br content increases, to the point where a distinct exciton peak can be seen for the pure CH 3 NH 3 PbBr 3 even in the sample with 7.1 nm pore size. This could result from the fact that the exciton binding energy of the bromide-based perovskite is considerably higher than for the iodide-based one. 25 The slope of the band edge remains mostly unchanged.

The Stokes shifts (ΔE St , Table 1) obtained from comparing the absorption with the PL spectra (Figure 5a and S8) tends to be smaller for the pure halide composition (x = 0 or 3). For the intermediate compositions, light-soaking experiment resulting in gradual appearance of a new PL peak in the bulk perovskite and in the templates with larger pores (see Figure S9) confirms that the materials undergo phase segregation under light exposure, leading to the presence of instable Br-and I-rich microdomains, 11 contributing to the overall crystal disorder and resulting in a notably larger ΔE St . We can observe that the Stokes shift also increases significantly for the templates with 3.3 nm pore size compared to the other pore sizes. In addition, the PL emission spectra of the intermediate composition x = 2 reveals a split peak for d pore ≈ ∞, 7.1 and 6.2 nm, nm. d) Higher magnification centered on the selected area of the image displayed in a) and its Fast Fourier Transform pattern (g). STEM images of the impregnated silica with d pore ~ 3.7 (e) and 3.3 nm (f) for the bromide-based (x = 3) perovskite nanocrystals, along with the particle size distribution histograms (h and I, respectively) overlapping with the pore size distributions calculated from the N 2 sorption isotherms with the BJH method (including Gaussian fitting).

suggesting the coexistence of two phases (Figure S8). It should be noted, however, that while the smaller peak seems to match the position of the absorption band edge, and thus reflects the presence of a phase with the expected stoichiometry, a second peak is located in the Irich region for d pore ≈ ∞ and in the Br-rich region for d pore ≈ 7.1 and 6.2 nm. Also, below d pore ≈ 4.2 nm, only one phase, matching the absorption band edge, appears to be emitting (Figure 5a andS8). Not only do these results support what was previously reported on the formation of microdomains, they also suggest that spatially confining the perovskite crystals within static and inert walls has the potential to limit the degree of structural disorder responsible for certain stability issues.

The measured bandgaps for x = 0 and 3 were plotted against their respective crystal size (Figure 5b), highlighting the gradual displacement of their respective conduction and valence bands. To model quantum confinement in the nanoparticles, we plotted a simplified particle-in-a-box model for CH 3 NH 3 PbBr 3 and CH 3 NH 3 PbI 3 , taking into account coulombic interactions and the first zero point of the cylindrical Bessel function (see details in the Supporting Information). An approximation using cylindrical 1D structure is used here because we assume that, in addition to the significant proportion of rod-shaped particles, most of the nanocrystals are packed closely and are expected to behave as a 1D structure. Moreover, the asymmetry in the electronic environment (air vs. SiO 2 ) might also promote this effect. This model fits best for the smaller pore sizes (3.3-4.2 nm). However, even if the confinement energy is known to be more accurate for larger particles, the electrostatic term can quickly diverge when the size of the nanocrystals increases above the Bohr radius, especially for materials with small dielectric constants. 45 According to previous reports, the positions of the bandgaps measured for the smallest crystal with x = 0 and 3 are comparable to nanoplatelets with 3 to 4 atomic layers. 17,18,22 The pure bromide composition (x = 3), unlike the others, is characterized by a strongly emissive PL. Figure 6a clearly highlights the gradual shift of the emission from green to blue as the pore size is decreased, along with a significant peak broadening. We suspect that the increase in peak width might be caused by crystal distortion in the smaller particles, although it did not seem to affect the bandgap (as confirmed by the effective mass model). On the other hand, the PL lifetime tends to decrease with the pore size (Figure 6b) and the QY of the bulk reaches 7.2% while that of the composites remain relatively low (< 5.5 %) (Table S2). Even though previously reported CH 3 NH 3 PbBr 3 nanoparticles of size ranging from 6 to 8 nm reported PL quantum efficiencies up to 83 %, 46,47 it has been proposed that unpassivated crystals tend to exhibit lower emission yield. 48 The role of localized surface states is especially important in nanocrystals, and in organic perovskites this occurs mostly as Pb, Br or CH 3 NH 3 vacancies and substitutions. The shorter lifetimes could be the result of dominant surface trapping as the crystal size decreases. In such cases, we can surmise that the surface in contact with the silanol groups and/or air are not effectively passivated and thus cannot prevent non-radiative recombination through localized states.

Exposing these perovskite samples to UV light can potentially affect their response. The stability of each sample was studied by comparing the PL lifetime of the pure iodide-and pure bromide-based samples before and after UV irradiation exposure, as well as after an overnight recovery period in the dark (Figure S10-S11). The bulk samples were strongly affected by UV light, causing their lifetimes to decrease by factors of 13 and 8 for x = 0 and x = 3, respectively. There was very little recovery after UV irradiation of the bulk samples. The overall lifetime of the composite samples consistently decreased with crystal size, but the resting period resulted in the complete restoration, and in some cases of the optical properties, highlighting its strong resistance to UV irradiation. The PL decays best fit to triple exponential functions, so the exact mechanisms responsible for radiative recombination are difficult to discern here. These results, however, support once more the idea that confining CH 3 NH 3 PbX 3 crystals in a rigid template protects the structure from various types of degradation. It is possible that the energy imparted by UV exposure triggers two interrelated processes: 1) ion migration (mostly halide) and 2) annealing of the sample. In the bulk samples, ion migration can drive the components of the perovskite relatively far apart from their original location, which explains why the crystal might remain highly contorted even after recovery. The "rigid" spatial confinement provided by the template could limit how far the constituents can roam, so the system can eventually return to its original equilibrium state after the recovery period. In summary, we have successfully synthesized CH 3 NH 3 PbBr x I 3-x nanocrystals embedded in mesoporous silica templates. We show that the crystal size matches the pore size distribution and that the crystal structure is maintained even for particles down to 3.3 nm in diameter, although with slight distortions. TEM and X-ray diffraction data show the samples are a mixture of spherical and rod-shaped particles enclosed in the silica channels. Our optical measurements show that both the Br content and the size-dependent confinement are directly related to the bandgap. The gradual shift of the photoluminescence from green to blue (for the bromidebased perovskite) is additional evidence that fine tuning of the optical properties can be obtained from simply controlling the pore size of the template. A simplified particle-in-a-box model for 1D structures could fit nicely the confinement of the smaller quantum dots (< 4.2 nm), but fails for the bigger crystals because of the model's limitations. Because of their structural disorder, intermediate compositions also show larger Stokes shift values. The PL lifetime was directly dependent on crystal size, suggesting that localized surface states might induce non-radiative recombination pathways. Additionally, confining the crystals inside a rigid matrix such as mesoporous silica likely helps protect the structure from being damaged by UV irradiation. Our experimental procedure is simple and scalable, the results are proof of true quantum confinement and also showcase improved structural stability. For these reasons, we believe that this work will pave the way for extensive research on the topic, and ultimately find appropriate implementation in optoelectronic applications. 

CONCLUSION
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Figure 1 .

 1 Figure 1. Photographs of the mesoporous silica powders after impregnation and crystallization.

Figure 2 .

 2 Figure 2. Structural analysis of CH 3 NH 3 PbBr 3 perovskite. (a) SAXS patterns of the perovskite-impregnated silica templates match the P6mm space group corresponding to the ordering of the mesopores. (b) PXRD patterns match the calculated pattern for the cubic (Pm ¯,3 m) structure. (c) Rietveld refinement of the synchrotron XRD data (λ = 0.20196 Å) obtained from the bulk perovskite/silica nanospheres system, confirming the cubic (Pm¯,3m) structure. Goodness-of-fit = 1.68, a = 5.9286(4) Å. Structural models of (d) the standard cubic structure compared to (e) the distorted cluster model. Note: the methylammonium ions were omitted from the models because of their negligible contribution to the X-ray scattering data.

Figure 3 .

 3 Figure 3. HR-TEM images of the perovskite/silica composite: a) x = 3, d pore ~ 7.1 nm; b) x = 0, d pore ~ 3.7 nm; c) x = 3, d pore ~ 3.3 nm. d) Higher magnification centered on the selected area of the image displayed in a) and its Fast Fourier Transform pattern (g). STEM images of the impregnated silica with d pore ~ 3.7 (e) and 3.3 nm (f) for the bromide-based (x = 3) perovskite nanocrystals, along with the particle size distribution histograms (h and I, respectively) overlapping with the pore size distributions calculated from the N 2 sorption isotherms with the BJH method (including Gaussian fitting).

Table 1 :

 1 Energy (in eV) of band edge maxima (or saddle point) obtained from the absorption spectra for each CH 3 NH 3 PbBr x I 3-x composition and pore size. The values in brackets correspond to the Stokes shifts ΔE St .

Figure 4 .

 4 Figure 4. UV-visible absorption spectra (calculated from reflection measurements) for each CH 3 NH 3 PbBr x I 3-x (x = 0, 1, 2, 3) sample and mesoporous silica template.

Figure 5 :

 5 Figure 5: a) Absorption (solid lines) and PL spectra (dotted lines) for each perovskite composition impregnated in mesoporous silica with d pore ≈ 4.2 nm (see Figure S8 for other pore sizes). b) Bandgap in function of the crystal/pore size for the iodide-and bromide-based hybrid perovskites, along with the expected trend calculated from the effective mass model for 1D structures. The dotted lines corresponds to the bandgap of the bulk samples.

  Information. Detailed characterization of each perovskite composition impregnated in mesoporous silica. PDFs data. EDX and XRD patterns. High magnification STEM of empty and impregnated host templates. Absorption and PL spectra. Light-soaking effect. PL lifetime measurements. Confinement model calculations. This material is available free of charge via the Internet at http://pubs.acs.org. Corresponding Author. Yamauchi.Yusuke@nims.go.jp

Figure 6 :

 6 Figure 6: a) Photographs and PL spectra of CH 3 NH 3 PbBr 3 impregnated in the various silica template (from bulk on the left to d pore ≈ 3.3 nm on the right) under black light (λ = 364 nm). b) PL decays measured for CH 3 NH 3 PbBr 3 impregnated in the various silica template (green) along with their respective triple exponential fitting (red dotted curves).
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