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We successfully synthesized hybrid methylammonium lead halide nanocrystals confined in a gyroidal mesoporous silica template. The nanocrystals adopted the same crystal structure as their bulk perovskite counterparts, highlighting the ability to control the bandgap by tuning the pore-size of the template. Besides providing more accessible spaces for the materials to diffuse within the channels, the 3D mesh of the gyroidal template might also allow easier escape of the solvent and pinning of the particles at different points, thus promoting the formation of isolated nanoparticles over larger structures (e.g., nanowires, nanorods).

Lead halide-based perovskite quantum dots have drawn considerable attention in recent years. [1][2][3][4][5][6][7] In addition to the wellknown properties of bulk perovskites, these nanocrystals have unique attributes that make them attractive for various optoelectronic applications.
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In particular, bromide-based perovskite nanocrystals have already shown outstanding emissive performance with quantum yields approaching 100%. 14 Typically, lead bromide perovskite quantum dots are synthesized by colloidal methods, which offer the possibility to functionalize the surface of the nanocrystals. The primary yield, however, consists of a mixture of nanoplatelets (product of interest) and more bulky structures, which need to be removed to achieve an adequately narrow size distribution. Most studies are based on quantum confinement in one dimension, 2,15 with considerable influence being imparted by the ligand group. 3,14,16,17 Growing nanocrystals inside an ordered mesoporous host matrix is an alternative, ligand-free route to examine the real effects of size reduction on the optical properties of nanoparticles. The mesoporous template offers a simple procedure to arrange and organize 0D and 1D nano-objects in a three-dimensional (3D) space. We previously demonstrated the ability to synthesize lead halide perovskite nanocrystals by growing them inside the pores of hexagonally ordered 1-D mesoporous silica templates. 18 In the present work, we extended this procedure to grow methylammonium lead bromide (MAPbBr 3 ) and iodide (MAPbI 3 ) perovskite nanocrystals in KIT-6 mesoporous templates. KIT-6 silica templates have a complex 3D gyroidal topology with a cubic Ia¯,3d space group (Scheme 1). We show that the optical properties of the nanocrystals are highly dependent on the pore size of the template, while maintaining the overall bulk-like crystal structure.

Scheme 1 Illustration of a) the empty KIT-6 silica template with channels adopting a gyroidal arrangement and of b) the complementary available space within the template. This journal is © The Royal Society of Chemistry 20xx
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The silica templates were synthesized according to the previously reported method, 19 with the average pore size and poreto-pore distance determined by the temperature of the hydrothermal reaction (T H ). 1. The SAXS patterns provide direct evidence of expansion of the mesoporous lattice with increasing temperature (Figure 1a). The gradual shift of the 211 peak toward lower angles indicates that the distance between the pores is increasing with higher T H . The detailed experimental method to synthesize MAPbBr 3 and MAPbI 3 perovskite nanocrystals inside the silica host (i.e. MAPbBr 3 @KIT-6 and MAPbI 3 @KIT-6, respectively) can be found in the ESI. It was of primary importance to determine if the KIT-6 maintains its 3D arrangement and does not collapse upon impregnating them with the guest materials. This was confirmed from the SAXS patterns, which remained mostly unchanged after filling the template, suggesting that the impregnation had a negligible effect on the integrity of the 3D ordering of the pores. The powder-XRD data reveals that the crystal structure of MAPbBr 3 nanocrystals matches the typical Pm¯,3m cubic structure of the bulk (Figure 1b). Similarly, the crystal phase of MAPbI 3 perovskites can be assigned to the I4cm tetragonal structure of their bulk counterparts (Figure 1c). Despite the strong contribution of amorphous silica (broad peak centered around 22°), the lower intensity and broader peaks observed for the smaller pores suggest a strong dependence of the particle size on the average pore diameter of the template. The absence of sharp peaks for the templates with smaller pores suggests that the Please do not adjust margins Please do not adjust margins formation of bulk perovskite at the surface of the silica porous particles is inexistent or negligible.

Figure 2a shows a TEM image of a typical empty KIT-6 template (here using T H = 60 °C) viewed along the [110] direction. The silica template is uniform and has long range order. 20 After infiltrating the template with perovskite, nanocrystals with a uniform size distribution can be observe throughout the sample. The nanocrystals are well-aligned inside the gyroidally arranged channels (see STEM image, Figure 2b). Single particles of both MAPbBr 3 and MAPbI 3 perovskite were imaged with HR-TEM (Figure 2c,d). Special care was taken to minimize the exposure of the crystal to the electron beam so that the structure was not damaged. In general, the size of the nanocrystals measured in TEM was similar to the average pore size of the template determined by BET (within the standard deviation). The perovskite crystal structure was further supported by measuring the lattice fringe distances (see Figure S2). The crystal is oriented in the [200] direction for MAPbBr 3 (d 200 = 2.94 ± 0.02 Å) and in the [220] direction for MAPbI 3 (d 220 = 3.1 ± 0.02 Å). Previous work determined that the perovskite lattice undergoes minor distortions when confined in small pores, however with a negligible effect on the absorption/reflection properties.
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In the UV-Vis-NIR reflectance spectra (Figure 3a), a clear band edge is present for each sample, providing a simple reading of the bangaps as the pore size is reduced. MAPbI 3 perovskite displays a gradual shift towards shorter wavelengths as the pore size decreases from 11.9 to 5.1 nm, highlighting the strong dependence of the optical response on the effective crystal size. The photoluminescence (PL) peak is displaced in a similar fashion, maintaining a Stokes shift of approximately 80 meV. The band edges of the MAPbBr 3 perovskite exhibit some inflections. This type of shoulder could be the signature of bulk perovskite or bigger crystals. Due to the gyroidal ordering of the mesoporous silica template, the local volume of the channel can vary in the vicinity of intersections, leaving enough space for crystals to grow further. This can give rise to a bimodal particle size distribution. Nevertheless, both reflectance band edges and PL peaks exhibit a clear blue shift for smaller pore sizes. Figure 3b highlights the pore size dependence of the bandgaps determined from the cut-off wavelenght for each band edge (also summarized in Table 1). It is presumed that the gradual shift is mostly influence by a combination of weak quantum confinement and surface effects.

To conclude, methylammonium lead halide perovskite nanocrystals were successfully grown inside a mesoporous silica host with gyroidally-arranged channels. The pores are tightly packed and expose a considerable surface area, which can favour efficient solvent removal while providing sufficient pinning site to promote the formation of isolated particles instead of bigger structures. Expanding the field of perovskite nanostructures hosted in mesoporous templates to KIT-6 geometry can be critical to improve material diffusion, which can be possibly blocked in the case 1D channels. The systematic study of the crystal structure and optical properties showed a consistent change as the particle size is reduced. On one hand, the crystal structure does not seem to be significantly distorted by the template regardless of the pore size. On the other hand, the clear shift of the reflection band edge suggests a strong dependence of the bandgap on the average particle size. This preliminary work represents another stride toward chemically integrated and interconnected 3D nanoarchitectures with strong potential for optoelectronic device applications. 
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Figure 1 a

 1 Figure 1 a) Pore size distribution of the KIT-6 prepared under various hydrothermal temperatures, calculated from adsorption-desorption isotherms using the BJH method. The data points are fitted with Gaussians (dotted lines). b) SAXS patterns for each template, highlighting the gradual shift of the 211 feature towards lower angles. The black dotted lines correspond to the patterns of the respective templates after impregnating with the hybrid perovskite nanocrystals. Powder-XRD patterns for each template containing MAPbBr 3 (c) and MAPbI 3 (d). The lower pattern (black line) is plotted from the calculated pattern of the bulk counter for each perovskite.

Figure 2

 2 Figure 2 TEM analysis of the perovskite nanocrystals synthesized in KIT-6 templates (using T H = 60°C). a) TEM image of the empty KIT-6 silica template. b) STEM image of the KIT-6 silica template after MAPbBr 3 perovskite impregnation. HR-TEM images of single particles of MAPbBr 3 (c) and MAPbI 3 (d) exhibiting crystal lattice fringes.

Figure 3 a

 3 Figure 3 a) UV-Vis-NIR reflectance and PL spectra for both MAPbBr 3 and MAPbI 3 perovskite impregnated in each KIT-6 silica template. b) Bandgaps as a function of the average pore size of the templates. The bandgaps were determined from the cut-off of the reflectance band edge. The dashed lines correspond to the bandgaps measured for polycrystalline bulk samples.

Table 1 a

 1 ) Summary of the pore size and bandgaps (E G ) for each sample.