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Introduction

Perovskite phosphors are promising as color converters in optoelectronic devices, i.e., light-emitting diodes (LEDs), because of their narrow band emission, wide tunable bandgap, and high defect tolerance [START_REF] Chen | All-inorganic perovskite nanocrystal scintillators[END_REF][START_REF] Lin | Perovskite lightemitting diodes with external quantum efficiency exceeding 20 per cent[END_REF][START_REF] Chen | Strain engineering and epitaxial stabilization of halide perovskites[END_REF][START_REF] Qin | Stable room-temperature continuous-wave lasing in quasi-2D perovskite films[END_REF][START_REF] Chen | Photon management to reduce energy loss in perovskite solar cells[END_REF][START_REF] Liu | Metal halide perovskites for light-emitting diodes[END_REF][START_REF] Tan | Stability-limiting heterointerfaces of perovskite photovoltaics[END_REF]. Since Kovalenko's group first synthesize the nanocrystals of cesium lead halide perovskite CsPbX 3 [START_REF] Protesescu | Nanocrystals of Cesium Lead Halide Perovskites (CsPbX3, X = Cl, Br, and I): Novel Optoelectronic Materials Showing Bright Emission with Wide Color Gamut[END_REF], great efforts have focused on improving the photoluminescence quantum yield (PLQY) of perovskites phosphor. Nowadays, their PLQYs generally range from 85%-100% [START_REF] Yang | CsPbBr3 Quantum Dots 2.0: Benzenesulfonic Acid Equivalent Ligand Awakens Complete Purification[END_REF][START_REF] Lu | Doping and ion substitution in colloidal metal halide perovskite nanocrystals[END_REF], which is as high as mature phosphor materials including the yttrium aluminum garnet:Ce phosphor, β-Sialon:Eu 2+ phosphor, CdSe phosphor, and so on [START_REF] Moreels | Size-Tunable, Bright, and Stable PbS Quantum Dots: A Surface Chemistry Study[END_REF][START_REF] Qu | Control of photoluminescence properties of CdSe nanocrystals in growth[END_REF]. Recently, Zhong et al. indicated that the lifespan of perovskite color converters has been largely improved to meet industry standards [START_REF] Wu | Industry outlook of perovskite quantum dots for display applications[END_REF].

Especially, green composite perovskite phosphors composed of two or more halide perovskite phases (Cs 4 PbBr 6 and CsPbBr 3 , CsPb 2 Br 5 and CsPbBr 3 , etc.) perform remarkable stability in perovskite phosphors, as the CsPbBr 3 emitters are well passivated by Cs 4 PbBr 6 or CsPb 2 Br 5 [START_REF] Du | In Situ Embedding Synthesis of Highly Stable CsPbBr3/CsPb2Br5@PbBr(OH) Nano/Microspheres through Water Assisted Strategy[END_REF][START_REF] Baek | Mechanochemistry-driven engineering of 0D/3D heterostructure for designing highly luminescent Cs-Pb-Br perovskites[END_REF], and thereby demonstrating a superior durable high-power-driving capability at an ultrahigh working current of 300 mA [START_REF] Lian | Highly Thermotolerant Metal Halide Perovskite Solids[END_REF]. Additionally, perovskite phosphors are necessary to achieve high PL intensity to satisfy the luminous efficacy (LE) requirement of wide-colorgamut white LEDs, which needs to advance toward the practical limit of 250 lm/W by 2035 [17]. Unfortunately, the PL intensity enhancement is limited by the low PL energy outcoupling (PEO) of perovskite phosphors, leading to the disappointing LE of white LEDs (generally < 90 lm/W [START_REF] Duan | In Situ Ambient Preparation of Perovskite-Poly(L-lactic acid) Phosphors for Highly Stable and Efficient Hybrid Light-Emitting Diodes[END_REF][START_REF] Xuan | Ultrastable and highly efficient green-emitting perovskite quantum dot composites for Mini-LED displays or backlights[END_REF]), although they have great PLQY compared with mature rare-earth and CdSe phosphors (> 200 lm/W) [START_REF] Li | Toward 200 Lumens per Watt of Quantum-Dot White-Light-Emitting Diodes by Reducing Reabsorption Loss[END_REF]. Therefore, improving the PEO is necessary and challenging, which becomes a bottleneck for the application of perovskite phosphors in efficient wide-color gamut white devices [START_REF] Fakharuddin | Perovskite light-emitting diodes[END_REF][START_REF] Ren | In Situ Embedding Synthesis of CsPbBr3@Ce-MOF@SiO2 Nanocomposites for High Efficiency Light-Emitting Diodes: Suppressing Reabsorption Losses through the Waveguiding Effect[END_REF][START_REF] Zhang | Confined Synthesis of Stable and Uniform CsPbBr3 Nanocrystals with High Quantum Yield up to 90% by High Temperature Solid -State Reaction[END_REF].

The low PEO of perovskite phosphors is generally attributed to the short Stokes' shift [START_REF] Chen | Bespoke crystalline hybrids towards the next generation of white LEDs[END_REF], the PL energy emitting from a perovskite phosphor is easily absorbed by perovskite phosphors themselves, especially when the device have a high optical density of perovskite phosphors [START_REF] Mccall | Fast Neutron Imaging with Semiconductor Nanocrystal Scintillators[END_REF]. What is worse, the high surface energy of perovskite particles leads to easy aggregation. The aggregated large-size particle has a long light path of PL photons and leads to a so-called aggregationinduced PL energy absorption [START_REF] Quan | Highly Emissive Green Perovskite Nanocrystals in a Solid State Crystalline Matrix[END_REF][START_REF] Jin | Self-wavelength shifting in two-dimensional perovskite for sensitive and fast gamma-ray detection[END_REF]. Therefore, previous studies mainly focused on reducing the aggregation of perovskite particles for the PEO improvement. For examples, dispersing matrices (e.g., nanocelluloses [START_REF] Kong | Highly Efficient and Stable White Light-Emitting Diodes Using Perovskite Quantum Dot Paper[END_REF],

polymer frameworks [START_REF] Xuan | Super-Hydrophobic Cesium Lead Halide Perovskite Quantum Dot-Polymer Composites with High Stability and Luminescent Efficiency for Wide Color Gamut White Light-Emitting Diodes[END_REF], diatomite [START_REF] Hao | Simultaneous enhancement of luminescence and stability of lead halide perovskites by a diatomite microcavity for lightemitting diodes[END_REF], silica spheres [START_REF] Yang | CsPbBr3-Quantum-Dots/Polystyrene@Silica Hybrid Microsphere Structures with Significantly Improved[END_REF][START_REF] Wang | Mesoporous Silica Particles Integrated with All-Inorganic CsPbBr3 Perovskite Quantum-Dot Nanocomposites (MP-PQDs) with High Stability and Wide Color Gamut Used for Backlight Display[END_REF] and metalorganic frameworks [START_REF] Sun | Efficient and Stable White LEDs with Silica-Coated Inorganic Perovskite Quantum Dots[END_REF][START_REF] Hou | Liquid-phase sintering of lead halide perovskites and metalorganic framework glasses[END_REF][START_REF] He | Unconventional route to dual-shelled organolead halide perovskite nanocrystals with controlled dimensions, surface chemistry, and stabilities[END_REF]) are widely utilized to suppress the aggregation of perovskite particles through physical or chemical integration. As for a lessaggregated discrete perovskite particle (DPP) with smaller size and shorter optical path, the PL energy suffers from a lower absorption before escaping to the matrix [START_REF] Mendewala | High Efficiency Luminescent Solar Concentrator based on Organo-Metal Halide Perovskite Quantum Dots with Plasmon Enhancement[END_REF]. As for a multiple perovskite particles (MPP) system, the escaping PL energy further suffers from serious absorption by a great amount of other perovskite particles in the matrix [START_REF] Mccall | Fast Neutron Imaging with Semiconductor Nanocrystal Scintillators[END_REF], and the PEO mechanism is still unclear. Especially, previous studies almost concentrated on naturally unstable single-phase perovskite phosphors, the dispersing matrices are also well designed to ensure the high stability of perovskite phosphors, such as introducing dense ligands [START_REF] Bi | Perovskite Quantum Dots with Ultralow Trap Density by Acid Etching-Driven Ligand Exchange for High Luminance and Stable Pure-Blue Light-Emitting Diodes[END_REF][START_REF] Song | Room-Temperature Triple-Ligand Surface Engineering Synergistically Boosts Ink Stability, Recombination Dynamics, and Charge Injection toward EQE-11.6% Perovskite QLEDs[END_REF],

protective layers [START_REF] Zhang | Confined Synthesis of Stable and Uniform CsPbBr3 Nanocrystals with High Quantum Yield up to 90% by High Temperature Solid -State Reaction[END_REF][START_REF] Hou | Liquid-phase sintering of lead halide perovskites and metalorganic framework glasses[END_REF], and so on, which further aggravates the PL energy absorption. As mentioned above, the CsPbBr 3 /Cs 4 PbBr 6 perovskite phosphor is with high stability, as well as its simple structure mainly occupied by the Cs 4 PbBr 6 without ligand modification, showing great potential to achieve high PEO, while its in-situ synthesis in a dispersing matrix and the PEO enhanced mechanism are barely concerned.

In this study, we utilized internal resonant scattering (IRS) to improve the PEO of CsPbBr 3 /Cs 4 PbBr 6 perovskite phosphor, which was realized by the nanopore-packing perovskite particles (NP-PPs) inside a phosphor. A nanoporous matrix hybrid solid-liquid interfacial (NMHS-LI) reaction was developed to prepare the NP-PP phosphor, and the key parameters including ultrasonic power and matrix content were optimized to achieve the NP-PP phosphor with improved PL intensity. A finite-difference time-domain (FDTD) model was introduced to confirm the enhanced PEO of NP-PP phosphor, demonstrating an IRS effect to suppress the PL energy absorption for the MPP system. The optimized phosphor was finally applied to the white LEDs, achieving an ultrahigh LE of 131.32 lm/W based on green perovskite phosphors, which is much higher than that in common reports. This strategy provides a general guide for highly efficient and stable perovskite phosphors utilizing nano-porous matrices.

Results and discussion

NP-PP Phosphor Preparation

Herein, a hydrophobic SiO 2 -aerogel was selected as a nano-porous matrix to construct the NP-PP structure in a CsPbBr 3 /Cs 4 PbBr 6 perovskite phosphor.

Reasons are as follows:1) its open porous network with moderate nanopores (20-80 nm) is helpful for the solid precursor fully integration with the matrix; 2) such a size range of nanopores is helpful to avoid the PL energy absorption in a perovskite particle, and its low refractive index for visible light is enough to enable the IRS effect, which will be discussed at the subsequence numerical study;

3) its hydrophobic nanorough surface can avoid the large aggregation among NP-PP phosphors, and also help to resist water and oxygen erosion. Accordingly, we developed a NMHS-LI reaction method to preparing the NP-PP phosphor, as shown in Fig. 1. Firstly, the SiO 2 -aerogel/CsBr hybrid solid precursor was prepared for subsequent reaction. The hydrophobic aerogel was uniformly dispersed into an ethanol solvent, and then mixed with hydrophilic CsBr in water (Fig. S1). After the facile wet-mixing and evaporation process, a hybrid solid precursor with CsBr particles embedded in the aerogel matrix was obtained (Fig. S2) owing to the recrystallization of CsBr particles inside the nanopores of the aerogel. Next, after grinding, excessive hybrid solid precursors were added to the liquid precursor of PbBr 2 in DMF solvent. Herein, we utilized the efficient ultrasonication to provide reaction energy for the solid-liquid interface reaction instead of heating as previous study [START_REF] Li | Highly Efficient and Water-Stable Lead Halide Perovskite Quantum Dots Using Superhydrophobic Aerogel Inorganic Matrix for White Light-Emitting Diodes[END_REF], as the ultrasonication can largely reduce the process time (less than half an hour) and improved the dispersity of particles.

During the NMHS-LI reaction, the PbBr 2 precursors were dissolved in DMF; the SiO 2 -aerogel/CsBr hybrid precursors were just broken with their aerogel matrix structure kept, owing to the insolubility of CsBr and SiO 2 in DMF. Additionally, the matrix structure provided numerous reaction sites for perovskite synthesis.

Therefore, these conditions enabled the Pb 2+ ions to in-situ synthesize NP-PP phosphor on the matrix with the hybrid precursors. The Pb:Cs ratio was optimized to 1:6 for achieving the maximum PLQY (38.6%) of CsPbBr 3 /Cs 4 PbBr 6 phosphor without dispersing matrix, which was also used as the controlled group (called as pure perovskite phosphors), and details of which can be found in Fig. S3. During the NMHS-LI reaction, the hybrid solids at the bottom of the DMF solvent changed from orange to yellow-green (Fig. S4), indicating that the NP-PP phosphor was synthesized. As our NP-PP phosphor was entirely ligand-free, the ligand shedding was out of consideration [START_REF] Cheng | Fibrous Nanoreactors from Microfluidic Blow Spinning for Mass Production of Highly Stable Ligand-Free Perovskite Quantum Dots[END_REF], and the product can be transferred to a highly volatile organic solvent (n-hexane) for rapid drying within several minutes, and then easily achieving the solid-state NP-PP phosphor. To confirm the successful synthesis of the NP-PP phosphor, its scanning electron microscopy (SEM) morphology was analyzed, as shown in Fig. 2. The ultrasonic power and matrix content were maintained at 40 W and 3.5 wt%, respectively; these two key factors will be discussed in detail subsequently. Fig. 2a-f show the morphology of NP-PP phosphor and its elemental mapping. The Si originates from the aerogel matrix, whereas the Cs, Pb, and Br are from perovskite nanocrystals. These elements overlap greatly, demonstrating a uniform NMHS-LI reaction in the NP-PP phosphor. To confirm the uniform distribution of NP-PPs in the internal region of the aerogel matrix, elemental mappings of the crosssectional phosphor were obtained using focused ion beam (FIB) cutting (Fig. S5).

And the high-resolution Transmission electron microscope (TEM) images also verify that the perovskite nanocrystals were synthesized in the matrix (Fig. S6).

Additionally, the surface and cross-sectional morphologies of the NP-PP phosphor were investigated, as shown in Fig. 2g and Fig. S7, respectively. This phosphor presented a nanorough surface, originating from the nano-porous structure of the aerogel matrix, which can be further supported by the smooth surface of the pure perovskite phosphor without an aerogel matrix in-situ encapsulant (Fig. S8). 

Structure Optimization of NP-PP phosphor 2.2.1 Morphology and dispersity

The NP-PP structure was ensured to be well in-situ synthesized inside the phosphor by optimizing the ultrasonic power and matrix content, which are two key factors of the NMHS-LI reaction process. For the first key parameter, external energy provides activation energy for the chemical reaction [START_REF] Li | Highly Efficient and Water-Stable Lead Halide Perovskite Quantum Dots Using Superhydrophobic Aerogel Inorganic Matrix for White Light-Emitting Diodes[END_REF]; and the ultrasonic power breaks up both the precursor particles and aggregated particles, which refines the products and accelerates the synthesis [START_REF] Dong | Acoustophoretic focusing effects on particle synthesis and clogging in microreactors[END_REF][START_REF] Li | Ultrasonic cavitation-enabled microfluidic approach toward the continuous synthesis of cesium lead halide perovskite nanocrystals[END_REF]. Therefore, the ultrasonic power has great impacts on the NMHS-LI. For the second key parameter, the SiO 2 -aerogel matrix provides its nano porous structure for the NP-PP phosphor. The higher the matrix content, the denser the NP-PP structure, which significantly affects their optical properties. Above two impacts will be discussed later. The SEM morphologies of the NP-PP phosphor at different ultrasonic powers are shown in Fig. 3a-d. We found that NP-PP phosphor particles without ultrasonication were smaller than that of the hybrid solid precursors of SiO 2 -aerogel/CsBr. This means that the supersaturated hybrid solid precursors were locally broken in NMHS-LI reaction to crystalized into perovskite crystals. Moreover, the particle size of the NP-PP phosphor decreased as the ultrasonic power increased from 0 to 40 W, with a reduction in mean particle size from 2.7 to 1.7 μm (Fig. S9). To have a deep understand, the X-ray diffraction (XRD) patterns were provided in Fig. 3e for Qualitative analysis. We found that the enhanced ultrasonic power also helps accelerate the NMHS-LI reaction, which was exhibited by the decreased CsBr peak in the X-ray diffraction (XRD) patterns. Moreover, the XRD patterns (CsBr and Cs 4 PbBr 6 peaks) of the phosphor were almost unchanged after the ultrasonic power reached 30 W, demonstrating that the NMHS-LI reaction of constructing NP-PPs was nearly complete. These results indicate that the synthetic NP-PP phosphor has good rigidity and is difficult to further dissociate by ultrasonication, and the dissociation of hybrid solid precursors occurs during the reaction as shown in Fig. 3f. As a result, the dissociation and reaction of the hybrid solid precursors are competitive with enhanced ultrasonic power, leading to a larger phosphor size with an excess ultrasonic power of over 40 W (Fig. S10). Nevertheless, the suitable ultrasonic power (~40 W in our case) is helpful for achieving the complete NP-PP structure with a concentrated and small size distribution. The matrix content is the other key factor influencing the NP-PP structure, as shown in Fig. 4a-d. The pure perovskite phosphor without the aerogel matrix had a larger size than the NP-PP phosphor, indicating that the introduced matrix, with a large surface area for solvent interaction, was also beneficial to the dissociation of supersaturated hybrid solid precursors. Furthermore, we found that the phosphor size increased with an increase in matrix content; a larger size of 2 μm was observed as the matrix content increased to 5.7 wt% (Fig. S11). These results can also be explained by the accelerated reaction resulting from the increase in matrix content. Interestingly, the XRD peak of CsBr clearly decreased after introducing the matrix, as shown in Fig. 4e, indicating that the enhanced matrix content also helps to obtain the NP-PP structure. One possibility is that the nano porous structure of the SiO 2 -aerogel/CsBr seed, with a larger surface area, provides many more reaction sites for the CsBr in hybrid solid precursors and PbBr 2 in liquid precursors compared with the pure CsBr solid. Therefore, the dissociation and reaction of hybrid solid precursors are also competitive with increasing matrix content, reaching the optimal NP-PP structure and minimum mean size of 1.4 μm at a matrix content of 3.5 wt%, which is smaller than that of the pure perovskite phosphor (mean size = 3.5 μm). In practice, the phosphor dispersity in packaging materials is much more essential than that in non-packaging ones because it mainly determines the application performance [START_REF] Li | Recent progress in luminescence tuning of Ce3+ and Eu2+activated phosphors for pc-WLEDs[END_REF]. Herein, polydimethylsiloxane (PDMS) was selected as the packaging material to obtain phosphor films with good mechanical performance (Fig. S12). Photographs of the pure perovskite films and NP-PP films under UV light irradiation are shown in Fig. 4f; the latter exhibits almost no aggregation and a brighter green PL. To confirm the excellent dispersity of the NP-PP phosphor, the particle size distributions of the pure perovskite and NP-PP films were determined using confocal fluorescence images, as shown in Fig. 4g.

Our optimized NP-PP phosphor after packaging, still had a small mean size of 2.6 μm with a size deviation of 1 μm, which is two orders of magnitude lower than that of the pure perovskite phosphor, which can be attributed to the hydrophobicity of the NP-PP structure as observed from the increase in contact angle from 0° to 130° (Fig. S13). Therefore, due to the hydrophobicity, the NP-PP structure can also solve the aggregation issue as in previous studies, and the boosted PEO efficiency will be determined by the IRS effect as discussed later.

PLQY and PL intensity

The PLQY measurement was used to characterize the PL performance of the NP-PP phosphor before packaging, which is generally attributed to the crystal quality [START_REF] Liu | Metal halide perovskites for light-emitting diodes[END_REF][START_REF] Bi | Perovskite Quantum Dots with Ultralow Trap Density by Acid Etching-Driven Ligand Exchange for High Luminance and Stable Pure-Blue Light-Emitting Diodes[END_REF]. According to the morphology investigation, the PLQY values of the NP-PP phosphor was also regulated by the ultrasonic power and matrix content, as shown in Fig. 5a-b, respectively. As for the ultrasonic power regulation, the PLQY reached a maximum value at the critical point of 40 W and then rolled off with excess ultrasonic power. One reasonable explanation is that the enhanced ultrasonic power mainly promotes the crystallization of the NP-PP phosphor before the complete reaction. However, it may introduce surface defects on NP-PPs because of the ultrasonic cavitation effect caused by excess reaction power, leading to more trap-assisted recombination. This notion is further supported by the increased slow-decay component a 2 in the PL decay measurement [START_REF] Ding | Transformation of Quasi-2D Perovskite into 3D Perovskite Using Formamidine Acetate Additive for Efficient Blue Light-Emitting 40 / 43 Diodes[END_REF][START_REF] Zhao | Electrical Stress Influences the Efficiency of CH3NH3PbI3 Perovskite Light Emitting Devices[END_REF], as the ultrasonic power exceeded 40 W (Fig. S14 and Table S1). As for the matrix content regulation, the PLQY reached a maximum of 62% at the critical point of ~3.5 wt% (optimized NP-PP phosphor), significantly increasing by 55% compared with the pure perovskite phosphor without the matrix (PLQY of 40%).

These results demonstrated that the matrix well passivated the surface defects of NP-PPs, which is consistent with previous reports using an SiO 2 shell as the passivation layer for perovskites [START_REF] Zhong | One-Pot Synthesis of Highly Stable CsPbBr3@SiO2 Core-Shell Nanoparticles[END_REF]. This notion is also supported by the longer PL decay lifetime of the NP-PP phosphor as the matrix content increased to 3.5 wt% (Fig. S15 and Table S2) because the aerogel matrix introduces other recombination paths and led to a longer relaxation process. However, the PLQY rolled off with excess matrix, with a high matrix content of 5.7 wt% leading to a low PLQY. These results are further supported by the reduced PL decay lifetime with an excess matrix content of 5.7 wt%; in other words, fast and non-radiative recombination is introduced by an excess matrix content. The reason is that the CsBr content in hybrid solid precursors is insufficient for constructing continuous NP-PPs in the excess matrix, and a larger surface area is exposed without passivation, resulting in many more surface defects (more non-radiative recombination), as shown in Fig. 5c. Notably, achieving a high PLQY is out of the scope of our study, which can be further improved by optimizing crystal defects via ligand passivation in the future. In addition, the structure affects the light-matter interaction in the NP-PP phosphor. Particularly, although the phosphor size shows no significant difference as discussed in Section 2.2.1 (the aggregation difference is neglected), the increased matrix content leads to a higher density of NP-PP structures in the phosphor. The absorption and PL spectra of the NP-PP films (NP-PP phosphor packaging in silicone) with different matrix contents are shown in Fig. S16 and Fig. 5d, respectively. The absorption spectra overlap with the PL spectrum around 520 nm due to the short Stoke's shift. The maximum PL intensity occurred at a matrix content of 3.5 wt%, the same as that of PLQY. For convenience, the peak PL intensity is shown in Fig. 5e. The peak PL intensity increased with the matrix content before reaching 3.5 wt% then decreased, whose trend is similar to that of PLQY. Interestingly, the optimized NP-PP films (matrix content of 3.5 wt%) show a boosted peak PL intensity 2.8-fold higher than that of the pure perovskite films. Therefore, the peak PL intensity largely benefited from the introduction of the aerogel matrix, especially at low matrix contents. However, at high matrix contents with a poor crystal quality as discussed above, the peak PL intensity only slightly declines. These results imply that a strong light-matter interaction exists in the perovskite phosphor with a denser NP-PP structure, which may originate from the scattering effect of the aerogel matrix, as the haze of NP-PP films also increased with the matrix content (Fig. S17). FDTD simulations were subsequently carried out to investigate this issue and to confirm the PEO effect.

IRS effect of NP-PP phosphor

An FDTD simulation was performed to investigate the PL energy propagation of the NP-PP phosphor, revealing its PEO mechanisms. The FDTD simulation contained two cases: 1) PL energy propagating outward a DPP system, which characterizes the internal PL energy absorption in a perovskite particle; 2) PL energy propagating through a MPP system, which characterizes the overall PL energy absorption among perovskite particles. For the DPP system, the perovskite was assumed to be a cube, with its size varying from 5 nm to 10 μm (Fig. S18).

For the MPP system, non-overlapping perovskite particles were assumed to be spherical uniformly and randomly distributed in a constant area, with their total volume invariable when their size varied (5 -100 nm). Lastly, based on the MPP model, a NP-PP phosphor model was constructed, which was assumed to be an SiO 2 cube (400 nm) with random non-overlapping nanopores occupied by NP-PPs; the density and the size of NP-PPs were determined by the specific surface area (713 m 2 /g), mean pore size (20 nm), and matrix content (from 0 to 6 wt%) used in our cases. Because the perovskite phosphor and NP-PP phosphor were mostly dominated by the Cs 4 PbBr 6 component according to the XRD patterns, the effective refractive index of the perovskite particles was defined as 1.8 [START_REF] Zhang | Dimensional tailoring of halide perovskite: A case study on Cs4PbBr6/CsPbBr3 hybrid with molecular halide perovskite[END_REF]. It is difficult to directly characterize the dynamic color conversion in the FDTD method. Therefore, for the DPP system, a dipole source (520 nm) was located at the center of the perovskite particle for modeling the internal PL energy generation similar to previous reports [START_REF] Li | Toward 200 Lumens per Watt of Quantum-Dot White-Light-Emitting Diodes by Reducing Reabsorption Loss[END_REF][START_REF] Ren | In Situ Embedding Synthesis of CsPbBr3@Ce-MOF@SiO2 Nanocomposites for High Efficiency Light-Emitting Diodes: Suppressing Reabsorption Losses through the Waveguiding Effect[END_REF]. For the MPP system, a total-field scattered-field (TFSF) source (520 nm) closely surrounded the system for modeling the PL energy. The lower absorbance to the sources demonstrated better PEO effect. For the DPP system, the absorbance of the perovskite particle significantly increased with a larger particle size, especially when the size reached the submicron scale (~100 nm) (Fig. 6a). These results are attributed to the serious absorption loss of PL energy inside the pure perovskite phosphor; a larger particle size leads to a longer internal absorption path and higher optical loss, which is consistent with previous reports [START_REF] Mendewala | High Efficiency Luminescent Solar Concentrator based on Organo-Metal Halide Perovskite Quantum Dots with Plasmon Enhancement[END_REF][START_REF] Li | Doctor-blade deposition of quantum dots onto standard window glass for low-loss large-area luminescent solar concentrators[END_REF][START_REF] Mendewala | The potential of scalability in high efficiency hybrid perovskite thin film luminescent solar concentrators[END_REF]. Therefore, it is essential to control the size of NP-PPs below submicron scale, which further support our selection of aerogel with nanopores. As a result, we constructed a NP-PP structure in a perovskite phosphor using aerogel matrix. For the NP-PP phosphor with a MPP system, its absorbance with various matrix content is provided in Fig. 6a, the refractive index of matrix (MRI) is 1.5. The absorbance of the NP-PP phosphor decreases with the increased matrix content and well confirms the PEO enhancement of NP-PP structure; the absorbance fluctuates slightly when the matrix content over 3.5 wt%, which is consistent with the experimental results achieving the maximum PL intensity. diagrams of (i) and (iv).

To have a deep understanding on the PEO enhancement, the energy flow densities of NP-PP phosphor in a MPP system were investigated as shown in Fig. 6b, and the NP-PP phosphor without aerogel matrix (MRI = 1.8) was as a reference. When the NP-PP phosphor had a low MRI, it was observed that the total-field energy flow density was lower inside the perovskite particles but dramatically higher near outside of the particle boundaries. One possibility is that the high refractive NP-PPs serve as the internal resonant scatters [START_REF] Hu | Enhanced Two-Photon-Pumped Emission from In Situ Synthesized Nonblinking CsPbBr3/SiO2 Nanocrystals with Excellent Stability[END_REF] in the MPP system, leading to the IRS effect. The strong scattering ability was further confirmed by its larger scattering cross-section (Fig. S19). These results mean that a portion of the PL energy is scattered when reaching NP-PPs, it tends to evade NP-PPs and propagating into the matrix; in other words, the PL energy absorption mode in NP-PPs transforms to the IRS mode in the matrix, as shown in Fig. 6c.

The lower absorption-field energy flow density of NP-PPs with lower MRI can further support these results (Fig. 6b-iii), demonstrating the less PL energy absorption of NP-PPs in the aerogel matrix. In addition, the above IRS effect was also witnessed when changing the shape of NP-PPs (e.g., rectangle, ring, triangle) (Fig. S20), indicating that the IRS effect exists in nanoparticles of general shapes. Moreover, lower absorbance was obtained when a bulk perovskite particle (100 nm) was further divided into smaller particles, also supporting that the NP-PP structure could effectively suppresses the internal PL energy absorption of a bulk perovskite particle using the IRS effect (Fig. S21).

White LED applications of NP-PP phosphor

The NP-PP phosphor packaged in a blue LED chip confirmed the excellent PEO performance. Generally, the CsPbBr 3 color converter is used to compensate for the pure green spectra of LED devices, achieving white light for backlighting or pure green light for active display [START_REF] Lin | Perovskite lightemitting diodes with external quantum efficiency exceeding 20 per cent[END_REF][START_REF] Liu | Metal halide perovskites for light-emitting diodes[END_REF][START_REF] Zhang | One-step conversion of CsPbBr3 into Cs4PbBr6/CsPbBr3@Ta2O5 core-shell microcrystals with enhanced stability and photoluminescence[END_REF]. A high ratio of green light (RGL) from the color converter indicates excellent color tunability, particularly for mini/micro LED active display devices [START_REF] Huang | Micro-LED and OLED displays: present status and future perspectives[END_REF], which is determined by the PL intensity and can be obtained by increasing the phosphor concentration [START_REF] Zhang | Novel redemitting CsPb1-xTixI3 perovskite QDs@glasses with ambient stability for high efficiency white LEDs and plant growth LEDs[END_REF]. In our cases, the RGL is defined by the intensity ratio of the green spectra (495-565 nm) to the whole spectrum as shown in Fig. 7a. The RGL is enhanced as the phosphor concentration increases, which is consistent with previous reports [START_REF] He | CsPbBr3-Cs4PbBr6 composite nanocrystals for highly efficient pure green light emission[END_REF].

However, the pure perovskite phosphor achieved an RGL below 40% even at a high phosphor concentration of 10 wt%, appearing bluish in color (Fig. S22) on the original LED chip, indicating its poor color tunability and low PL intensity.

Our NP-PP phosphor demonstrated a high RGL value because of its strong PL enhancement. When compared at the same phosphor concentration of 10 wt%, the RGL of the optimized NP-PP phosphor (matrix content of 3.5 wt%) exceeded 85%, which was approximately 2.2-fold that of the pure perovskite phosphor.

These results confirm the excellent color tunability of the NP-PP phosphor owing to its strong PEO effect and high PL intensity. Although a high PL intensity helps to achieve good color tunability, it is also accompanied by a low color-conversion efficiency (CCE) introduced by conversion loss, especially the PL energy absorption loss mentioned above [START_REF] Li | Highly Luminescent and Ultrastable CsPbBr3 Perovskite Quantum Dots Incorporated into a Silica/Alumina Monolith[END_REF]. It is essential to simultaneously obtain high CCE and RGL values when comparing the PEO performance among different color converters [START_REF] Zhang | Novel redemitting CsPb1-xTixI3 perovskite QDs@glasses with ambient stability for high efficiency white LEDs and plant growth LEDs[END_REF]. Therefore, both the CCE and RGL values are provided in Fig. 7b for comparing NP-PP phosphor with different matrix contents. The CCE showed the same trend as the PLQY and PL intensity discussed above, which increased with an increase in the matrix content and then appeared as a roll-off. Additionally, the CCE value significantly dropped at high RGL values of over 60%. For example, the CCE of pure perovskite phosphor dropped to 14% when the RGL reached 80%. These results are consistent with previous reports and attributed to severe PL energy absorption loss at high phosphor concentrations [START_REF] He | CsPbBr3-Cs4PbBr6 composite nanocrystals for highly efficient pure green light emission[END_REF]. However, our optimized NP-PP phosphor (matrix content of 3.5 wt%) maintained high CCE values ranging from 30 to 40% corresponding to high RGL values, which was 50% higher than that of the pure perovskite phosphor (when RGL = 65%). These results confirm that the NP-PP structure is beneficial to improve the PEO efficiency of the perovskite phosphor, simultaneously causing higher CCE and RGL values, compared to the pure perovskite phosphor, which are two key factors for the real application of color converters.

For comparison with reported studies, white LEDs combining green NP-PP phosphor and commercial red KSF (K 2 SiF 6 :Mn 4+ ) phosphor were prepared as shown in Fig. 7c. Our NP-PP phosphor exhibited an ultrahigh LE of 131.32 lm/W according to the entrusted test recognized by the China National Accreditation Service (Fig. S23); the corresponding color coordinates are (0.3335, 0.2987) and the color gamut was 121% the value provided in National Television Standards Committee (NTSC) standards (Fig. S24). Notably, the LE of our NP-PP phosphor is higher than that in current reported white LEDs using green perovskite phosphor (Fig. 7d) [START_REF] Du | In Situ Embedding Synthesis of Highly Stable CsPbBr3/CsPb2Br5@PbBr(OH) Nano/Microspheres through Water Assisted Strategy[END_REF][START_REF] Duan | In Situ Ambient Preparation of Perovskite-Poly(L-lactic acid) Phosphors for Highly Stable and Efficient Hybrid Light-Emitting Diodes[END_REF][START_REF] Xuan | Ultrastable and highly efficient green-emitting perovskite quantum dot composites for Mini-LED displays or backlights[END_REF][START_REF] Ren | In Situ Embedding Synthesis of CsPbBr3@Ce-MOF@SiO2 Nanocomposites for High Efficiency Light-Emitting Diodes: Suppressing Reabsorption Losses through the Waveguiding Effect[END_REF][START_REF] Zhang | Confined Synthesis of Stable and Uniform CsPbBr3 Nanocrystals with High Quantum Yield up to 90% by High Temperature Solid -State Reaction[END_REF][START_REF] Xuan | Super-Hydrophobic Cesium Lead Halide Perovskite Quantum Dot-Polymer Composites with High Stability and Luminescent Efficiency for Wide Color Gamut White Light-Emitting Diodes[END_REF][START_REF] Zhang | Novel redemitting CsPb1-xTixI3 perovskite QDs@glasses with ambient stability for high efficiency white LEDs and plant growth LEDs[END_REF][START_REF] Tang | Ultrathin, Core-Shell Structured SiO2 Coated Mn2+-Doped Perovskite Quantum Dots for Bright White Light-Emitting Diodes[END_REF][START_REF] Guan | Room temperature synthesis of stable single silica-coated CsPbBr3 quantum dots combining tunable red emission of Ag-In-Zn-S for High-CRI white light-emitting diodes[END_REF][START_REF] Mo | Room Temperature Synthesis of Stable Zirconia-Coated CsPbBr3 Nanocrystals for White Light-Emitting Diodes and Visible Light Communication[END_REF][START_REF] Li | Tunable ultra-uniform Cs4PbBr6 perovskites with efficient photoluminescence and excellent stability for high-performance white light-emitting diodes[END_REF][START_REF] Zheng | A novel bulk phosphor for white LDs: CsPbBr3/Cs4PbBr6 composite quantum dots-embedded borosilicate glass with high PLQY and excellent stability[END_REF][START_REF] Wu | Ultrastable Inorganic Perovskite Nanocrystals Coated with a Thick Long-Chain Polymer for Efficient White Light-Emitting Diodes[END_REF][START_REF] Liu | Amine-and Acid-Free Synthesis of Stable CsPbBr3 Perovskite Nanocrystals[END_REF][START_REF] Zhang | Multidentate ligand passivation enabled enhanced photoluminescence and stability of CsPbBr3 nanocrystals for white light-emitting diodes[END_REF][START_REF] Song | Efficient and stable green-emitting CsPbBr3 perovskite nanocrystals in a microcapsule for light emitting diodes[END_REF][START_REF] Liu | CsPbX3 nanocrystals films coated on YAG:Ce3+ PiG for warm white lighting source[END_REF][START_REF] Zhao | Ligand-Free CsPbBr3 Perovskite Quantum Dots in Silica-Aerogel Composites with Enhanced Stability for w-LED and Display by Substituting Pb2+ with Pr3+ or Gd3+ Ions[END_REF][START_REF] Liu | Fabricating CsPbX3-Based Type I and Type II Heterostructures by Tuning the Halide Composition of Janus CsPbX3/ZrO2 Nanocrystals[END_REF][START_REF] Chen | Cs4PbBr6/CsPbBr3 Perovskite Composites with Near-Unity Luminescence Quantum Yield: Large-Scale Synthesis, Luminescence and Formation Mechanism, and White Light-Emitting Diode Application[END_REF]. Such a high enhancement of NP-PP phosphor can be also confirmed by the referenced white LEDs using pure perovskite phosphor (Fig. S25). These results confirm the excellent PEO performance of NP-PP phosphor, which is caused by the well-designed NP-PP structure as discussed above. Besides, our NP-PP phosphor preserved the excellent working stability of the halide perovskite phosphor class (Fig. S26) [START_REF] Tan | Ultrastable and Reversible Fluorescent Perovskite Films Used for Flexible Instantaneous Display[END_REF][START_REF] Fan | Ultrastable and highly efficient CsPbBr3 composites achieved by dual-matrix encapsulation for display devices[END_REF]. Slight (< 5%) PL attenuation was observed after being heated at 90 ℃ for 50 h. Consequently, our work provides essential insights into obtaining perovskite phosphors that have evolved from highly efficient materials (high PLQY) to highly efficient applications (high PEO) by utilizing the IRS effect in phosphor, significantly accelerating the application in optoelectronic applications.

Conclusions

In this study, we utilized the IRS effect to boost the PEO of CsPbBr 3 /Cs 4 PbBr 6 perovskite phosphor, which was realized by the NP-PP structure in-situ synthesized in the phosphor. A NMHS-LI reaction was developed to prepare the NP-PP phosphor, key parameters, i.e., ultrasonic power and matrix content, were investigated to analyze the synthesis process. The optimized phosphor with a denser NP-PP structure has excellent dispersity and enhanced PL intensity, leading to the strong PEO (2.8-fold enhanced PL intensity) compared with the pure perovskite phosphor. FDTD simulation results revealed that the NP-PP structure can transform the PL energy absorption mode to the IRS mode, most of the scattering PL energy evades NP-PPs instead of propagating inside, and thus reducing the PL energy absorption loss. Finally, the optimized NP-PP phosphor was applied to white LEDs, high RGL and CCE values can be simultaneously obtained owing to the largely enhanced PL intensity extracting by the IRS effect, thereby achieving ultrahigh LE of 131.32 lm/W based on green perovskite phosphors. This study provides a general guide for efficient perovskite phosphors utilizing the nano-porous matrix to enable the IRS effect, which greatly accelerate the replacement of rare earth phosphor. Additionally, a detailed design of nanopore structures of the matrix-based perovskite phosphor is essential to further improve the PEO performance in future.

Experimental section

Materials: Cesium bromide (CsBr, 99.5%) and lead bromide (PbBr 2 , 99%) were purchased from Shanghai Macklin Biochemical Co., Ltd. Ethyl acetate (EA, 99%) was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. N,Ndimethylformamide (DMF, 99.5%) and n-hexane (C6H14, 97%) were purchased from DAMAO Chemical Reagent Factory. Aerogel (SiO 2 ) was purchased from Hengqiu Tech. Inc. Poly (dimethyl siloxane) (PDMS) was purchased from Dow Corning. Red K2SiF6:Mn4+ (KSF) phosphors were purchased from Shenzhen Looking Long Technology Co., Ltd. Blue LED devices were purchased from Foshan Nationstar Optoelectronics Company Ltd. All chemicals were used directly without any further purification.

Preparation of Cs-precursor: CsBr (6 mmol) was dissolved in deionized water (5 mL) and aerogel (x mg, x = 0, 20, 40, 60, 80, 100, equivalent to the matrix content of 0 wt%, 1.2 wt%, 2.3 wt%, 3.5 wt%, 4.6 wt% and 5.7 wt%, respectively) was dispersed in ethanol (5 mL), which was assisted by stirring or ultrasonication. The solution and dispersion liquids were then mixed and dried at 100 °C. The dried solids were finally ground into powders.

Synthesis of pure perovskite phosphor and NP-PP phosphor: First, for the synthesis of the pure perovskite phosphor, PbBr 2 (1 mmol) and CsBr (y mmol, y = 1, 2, 4, 6, 8, 10) were dissolved in DMF (10 mL); for the synthesis of NP-PP phosphor, PbBr 2 (1 mmol) and Cs-precursor were dissolved in DMF (10 mL).

Second, the solution was placed in an ultrasonic crusher (BANDELIN, Electronic GmbH) for the NMHS-LI reaction (p W, 5 min, 50 s ON, and 10 s OFF; p = 0, 20, 30, 40, 60, 80), whose probe was inserted below half the depth of the liquid level.

Third, the solution was transferred into a 20 mL centrifuge tube for centrifugation (2000 rpm, 5 min). The supernatant was removed, and the precipitate was dissolved in EA (10 ml) and centrifuged (2000 rpm, 5 min) for purification. Next, the previous step was repeated, and the EA was replaced with n-hexane. Finally, the precipitate was dried and ground into powders.

Fabrication of pure perovskite and NP-PP films:

The as-prepared pure perovskite phosphor or NP-PP phosphor (z mg, z = 25, 51, 105, 222, equivalent to the phosphor concentration of 1.25 wt%, 2.5 wt%, 5 wt% and 10 wt%, respectively) was uniformly mixed with polydimethylsiloxane (PDMS, 1.8 g) and a curing agent (0.2 g) by vacuum defoaming for 5 min. Then, a flat square die (depth and width of 1 mm and 4 mm, respectively) along with the mixture was dried at 90 °C for 30 min to obtain a piece of pure perovskite or NP-PP film. After curing, the film was removed from the die.

Fabrication of white LED devices:

The as-prepared pure perovskite phosphor (0.059 g) or NP-PP phosphor (0.020 g) was first grounded for minutes and then uniformly mixed with commercial red KSF phosphor (0.115 g), PDMS (0.9 g), and curing agent (0.1 g) by vacuum defoaming for 5 min. The mixture was later injected into blue LED devices to finish the package. After curing at 60 ℃ for 2 h, white LED devices were obtained.

Characterization: The morphology of the sample was characterized using scanning electron microscope (SEM, Zeiss, Merlin) and high-resolution transmission electron microscope (TEM, FEI, Talos F200X G2). The TEM slice sample was obtained using focused ion beam scanning electron microscope (FIB-SEM, FEI, Scios 2 HiVac). The phase and crystallography of the products were characterized using an X-ray diffractometer (XRD, D/max3A, Bruker) at a scanning rate of 10°/min in the 2θ range from 10 to 80° using Cu Kα radiation (λ = 1.5418 Å). The corresponding EDS elemental mappings were captured on a Bruker Nano GmbH Berlin instrument with a primary energy of 15 keV. The PL spectra of the phosphors were recorded using a fluorescence spectrophotometer (RF-6000, Shimadzu) with a Xe lamp as an excitation source, whose samples were packaged in PDMS. The UV-vis absorption spectra and haze spectra of the pure perovskite phosphor and NP-PP phosphor were recorded using a UV-vis spectrometer (Shimadzu) in the wavelength range of 300-800 nm at 1 nm intervals. Time-resolved fluorescence spectra were recorded using a steady-state fluorescence spectrometer (FLS1000, Edinburgh). The PLQYs of the samples (powder state before packaging) were measured using an absolute PLQY spectrometer at an excitation wavelength of 365 nm (K.K. C9920, Hamamatsu Photonics). The N 2 adsorption/desorption isotherms and pore size distributions of the aerogel were obtained using a gas adsorption analyzer (TriStar II 3flex, Mike).

The contact angles of the aerogel were measured using a surface contact angle tester (OCA40 Micro; Data Physics). The optical performances of the white LEDs were measured by an integrating sphere system (Instrument Systems), and the injection current was provided by a power source (Keithley). All reliability tests were conducted under laboratory conditions at a constant ambient temperature of [START_REF] Mccall | Fast Neutron Imaging with Semiconductor Nanocrystal Scintillators[END_REF] 

Fig. 1 .

 1 Fig. 1. In-situ synthesis process of NP-PP phosphor via the NMHS-LI

Fig. 2 .

 2 Fig. 2. Morphology of NP-PP phosphor. (a) SEM image of NP-PP phosphor for

Fig. 3 .

 3 Fig. 3. Effect of ultrasonic power on the particle structure of NP-PP

Fig. 4 .
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  (a)-(d) SEM morphology of NP-PP phosphor with matrix contents of 0, 1.2, 3.5, and 4.6 wt%, respectively. The inserted cartograms show the corresponding particle distribution. (e) XRD patterns of NP-PP phosphor with different matrix contents. (f) Photographs of pure perovskite and NP-PP films under UV irradiance, respectively. The insets are the images of (i) pure perovskite and (ii) NP-PP phosphors, respectively. (g-h) Particle size distributions of pure perovskite phosphor and NP-PP phosphor, respectively, after blending in silicone. The ultrasonic power for all samples was 40 W. The matrix content for NP-PP phosphors in films was 3.5 wt%. The phosphor concentration was 1.25 wt%.
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 7 Fig. 7. Color conversion performance of NP-PP phosphor for LED devices.

  °C.

	Stability	for	White	LEDs,	Advanced	Optical	Materials	7(13)	(2019).

Acknowledgements

The authors acknowledge financial support from Science & Technology Program of Guangdong Province (2020B0101030008, 2020B121202003), Natural Science Foundation of Guangdong Province (2022A1515011059), China Postdoctoral Science Foundation (2020M680122, 2022M710697).

Appendix A. Supplementary information

Supplementary information associated with this article can be found in the online version.