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The toxicity induced by the presence of lead and the rather poor stability of halide perovskite semiconductors represent the major issues for their large-scale application. We previously reported a new family of lead and iodide deficient MAPbI3 and FAPbI3 perovskites called d-HPs (for lead -and iodide -deficient Halide Perovskites) based on two organic cations: the hydroxyethylammonium HO-(CH2)2-NH3 + (HEA + ) and thioethylammonium HS-(CH2)2-NH3 + (TEA + ). In this article, we report the use of an organic dication, the 2-hydroxypropane-1,3diaminium (2-propanol 1,3 diammonium), named PDA 2+ , to create new 3D d-HPs based on the MAPbI3 and FAPbI3 network with general formulations of (PDA)0,88x(MA)1-0,76x[Pb1-xI3-x] and (PDA)1,11x(FA) 1-1,22x[Pb1-xI3-x] respectively. These d-HPs were have been successfully
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Introduction

Hybrid halide perovskites are promising semiconductors with numerous interesting optoelectronic properties [START_REF] Lee | Efficient Hybrid Solar Cells Based on Meso-Superstructured Organometal Halide Perovskites[END_REF][START_REF] Chung | All-Solid-State Dye-Sensitized Solar Cells with High Efficiency[END_REF][START_REF] Kim | Pauporté New Dication-Based Lead-Deficient 3D MAPbI3 and FAPbI3 "d-HPs" perovskites with an enhanced stability[END_REF][START_REF] Chen | Schottky Solar Cells Based on CsSnI 3 Thin-Films[END_REF][START_REF] Yin | Unique Properties of Halide Perovskites as Possible Origins of the Superior Solar Cell Performance[END_REF][START_REF] Stoumpos | Semiconducting Tin and Lead Iodide Perovskites with Organic Cations: Phase Transitions, High Mobilities, and Near-Infrared Photoluminescent Properties[END_REF][START_REF] Stranks | Electron-Hole Diffusion Lengths Exceeding 1 Micrometer in an Organometal Trihalide Perovskite Absorber[END_REF][START_REF] Luo | Minimizing Non-Radiative Recombination Losses in Perovskite Solar Cells[END_REF][START_REF] Sutton | Bandgap-Tunable Cesium Lead Halide Perovskites with High Thermal Stability for Efficient Solar Cells[END_REF] . They have been studied for various applications such as lasers [START_REF] Leyden | Distributed Feedback Lasers and Light-Emitting Diodes Using 1-Naphthylmethylamnonium Low-Dimensional Perovskite[END_REF] , LEDs [START_REF] Wei | An Overview on Enhancing the Stability of Lead Halide Perovskite Quantum Dots and Their Applications in Phosphor-Converted LEDs[END_REF] , photodetectors [START_REF] Miao | Recent Progress on Highly Sensitive Perovskite Photodetectors[END_REF][START_REF] Wang | Perovskite-Based Photodetectors: Materials and Devices[END_REF] , scintillation [START_REF] Mykhaylyk | Bright and Fast Scintillation of Organolead Perovskite MAPbBr3 at Low Temperatures[END_REF] and solar cells (PSCs). [START_REF] Yang | Facile Fabrication of Large-Grain CH3NH3PbI3-xBrx Films for High-Efficiency Solar Cells via CH3NH3Br-Selective Ostwald Ripening[END_REF][START_REF] Saliba | Incorporation of Rubidium Cations into Perovskite Solar Cells Improves Photovoltaic Performance[END_REF][START_REF] Saliba | Cesium-Containing Triple Cation Perovskite Solar Cells: Improved Stability, Reproducibility and High Efficiency[END_REF][18][START_REF] Toscano | Lead Neurotoxicity: From Exposure to Molecular Effects[END_REF][START_REF] Jaishankar | Mechanism and Health Effects of Some Heavy Metals[END_REF][START_REF] Benmessaoud | Health Hazards of Methylammonium Lead Iodide Based Perovskites: Cytotoxicity Studies[END_REF][START_REF] Finkelstein | Low-Level Lead-Induced Neurotoxicity in Children: An Update on Central Nervous System Effects[END_REF][23] Unfortunately, the main drawback of the current perovskite materials is their rather poor stability [START_REF] Yang | Facile Fabrication of Large-Grain CH3NH3PbI3-xBrx Films for High-Efficiency Solar Cells via CH3NH3Br-Selective Ostwald Ripening[END_REF][START_REF] Saliba | Incorporation of Rubidium Cations into Perovskite Solar Cells Improves Photovoltaic Performance[END_REF][START_REF] Saliba | Cesium-Containing Triple Cation Perovskite Solar Cells: Improved Stability, Reproducibility and High Efficiency[END_REF] and their toxicity caused by the presence of lead [18][START_REF] Toscano | Lead Neurotoxicity: From Exposure to Molecular Effects[END_REF][START_REF] Jaishankar | Mechanism and Health Effects of Some Heavy Metals[END_REF][START_REF] Benmessaoud | Health Hazards of Methylammonium Lead Iodide Based Perovskites: Cytotoxicity Studies[END_REF][START_REF] Finkelstein | Low-Level Lead-Induced Neurotoxicity in Children: An Update on Central Nervous System Effects[END_REF][23] . This severely hinders their commercialization and calls for the finding of new perovskite systems.

One of the solutions to resolve this issue is to totally [START_REF] Nie | Lead-Free Perovskite Solar Cells Enabled by Hetero-Valent Substitutes[END_REF][START_REF] Xiao | From Lead Halide Perovskites to Lead-Free Metal Halide Perovskites and Perovskite Derivatives[END_REF][START_REF] Xiao | From Lead Halide Perovskites to Lead-Free Metal Halide Perovskites and Perovskite Derivatives[END_REF][START_REF] Gu | Tin and Mixed Lead-Tin Halide Perovskite Solar Cells: Progress and Their Application in Tandem Solar Cells[END_REF][START_REF] Kour | Potential Substitutes for Replacement of Lead in Perovskite Solar Cells: A Review[END_REF] or partially replace lead by another element [START_REF] Gollino | Lead-Less Halide Perovskite Solar Cells[END_REF] . However, substituting lead by another element remains uneasy and is a major concern as it faces important limitations. The substitution element has to be a metal ion that can form a 3D perovskite structure. To be stable, halide as well as oxide perovskites then need to respect tolerance factors. The 3D perovskite structure and stability are governed by the Goldschmidt tolerance factor [START_REF] Nielsen | Comparison of Straight and Curled Tenckhoff Peritoneal Dialysis Catheters Implanted by Percutaneous Technique: A Prospective Randomized Study[END_REF] , which was subsequently updated by Bartel et al. [START_REF] Bartel | New Tolerance Factor to Predict the Stability of Perovskite Oxides and Halides[END_REF] . As a reminder, hybrid halide perovskite has the ABX3 general formula, where A is a monovalent organic or inorganic cation (mainly Cs + , CH3NH3 + (methylammonium noted MA + ) or HC(NH2)2 + (formamidinium noted FA + ), B is an octahedrally coordinated divalent metal ion (classically Pb 2+ ) and X is an halogen (generally Cl -, Br -or I -) [START_REF] Yang | Facile Fabrication of Large-Grain CH3NH3PbI3-xBrx Films for High-Efficiency Solar Cells via CH3NH3Br-Selective Ostwald Ripening[END_REF][START_REF] Zhu | Interfacial Engineering through Chloride-Functionalized Self-Assembled Monolayers for High-Performance Perovskite Solar Cells[END_REF][START_REF] Zheng | Controlling the Formation Process of Methylammonium-Free Halide Perovskite Films for a Homogeneous Incorporation of Alkali Metal Cations Beneficial to Solar Cell Performance[END_REF][START_REF] Zheng | What Are Methylammonium and Solvent Fates upon Halide Perovskite Thin-Film Preparation and Thermal Aging?[END_REF] .

In the last years, we have reported a new family of 3D perovskites called d-HPs for "leadand iodide-deficient Halide Perovskites" which retains the 3D structure but with PbI + deficiencies caused by the insertion of large organic cations and circumventing the tolerance factor. Up to this day, two d-HPs have been developed based on the insertion of hydroxyethylammonium (HEA + ) [START_REF] Leblanc | Leadand Iodide-Deficient (CH 3 NH 3 )PbI 3 ( d -MAPI): The Bridge between 2D and 3D Hybrid Perovskites[END_REF][START_REF] Leblanc | Enhanced Stability and Band Gap Tuning of α-[HC(NH 2 ) 2 ]PbI 3 Hybrid Perovskite by Large Cation Integration[END_REF] and thioethylammonium (TEA + ) [START_REF] Leblanc | Enhanced Stability and Band Gap Tuning of α-[HC(NH 2 ) 2 ]PbI 3 Hybrid Perovskite by Large Cation Integration[END_REF] cations. Another group developed similar perovskites with lead deficiencies caused by the insertion of the ethylenediammonium cation, the h and called "Hollow" perovskites [START_REF] Jayanthi | Entropy Stabilization Effects and Ion Migration in 3D "Hollow" Halide Perovskites[END_REF][START_REF] Spanopoulos | Tunable Broad Light Emission from 3D "Hollow" Bromide Perovskites through Defect Engineering[END_REF][START_REF] Ke | Ethylenediammonium-Based "Hollow" Pb/Sn Perovskites with Ideal Band Gap Yield Solar Cells with Higher Efficiency and Stability[END_REF][START_REF] Senocrate | Tuning Ionic and Electronic Conductivities in the "Hollow" Perovskite {En}MAPbI3[END_REF][START_REF] Ke | Efficient Lead-Free Solar Cells Based on Hollow {en}MASnI 3 Perovskites[END_REF][START_REF] Spanopoulos | Unraveling the Chemical Nature of the 3D "Hollow" Hybrid Halide Perovskites[END_REF][START_REF] Ke | Enhanced Photovoltaic Performance and Stability with a New Type of Hollow 3D Perovskite {en}FASnI 3[END_REF][START_REF] Ke | Diammonium Cations in the FASnI 3 Perovskite Structure Lead to Lower Dark Currents and More Efficient Solar Cells[END_REF] .

This work extends the d-HP family by the employment of a dication with six non-hydrogen atoms. When a large A' diammonium cation is added to prepare halide perovskites, a 3 multilayered 2D Dion-Jacobson A'(A)n-1PbnI3n+1 phase is expected to be formed [START_REF] Lu | Thiophene-Based Two-Dimensional Dion-Jacobson Perovskite Solar Cells with over 15% Efficiency[END_REF][START_REF] Fu | Dion-Jacobson and Ruddlesden-Popper Double-Phase 2D Perovskites for Solar Cells[END_REF][START_REF] Cohen | Hydroxyl Functional Groups in Two-Dimensional Dion-Jacobson Perovskite Solar Cells[END_REF][START_REF] Chen | Managing Phase Orientation and Crystallinity of Printed Dion-Jacobson 2D Perovskite Layers via Controlling Crystallization Kinetics[END_REF] . However, in the presently explored MAI/PDA 2+ and FAI/PDA 2+ systems, where 2-hydroxypropane-1,3diaminium (2-propanol 1,3 diammonium) is + NH3CH2CH(OH)CH2NH3 + , noted PDA 2+ , a different crystal phase which retains a 3D structure has been formed despite the use of such a diammonium cation. We synthesized MAPbI3 (MAPI) and FAPbI3 (FAPI) perovskites in crystal and powder forms with the same PDA 2+ dication inserted within the lattice, that we named d-MAPI-PDAx and d-FAPI-PDAx, respectively. We show that they form a 3D d-HP structure. A similar phenomenon had been already reported for "hHollow" perovskite with ethylenediammonium [START_REF] Jayanthi | Entropy Stabilization Effects and Ion Migration in 3D "Hollow" Halide Perovskites[END_REF][START_REF] Spanopoulos | Tunable Broad Light Emission from 3D "Hollow" Bromide Perovskites through Defect Engineering[END_REF][START_REF] Ke | Ethylenediammonium-Based "Hollow" Pb/Sn Perovskites with Ideal Band Gap Yield Solar Cells with Higher Efficiency and Stability[END_REF][START_REF] Senocrate | Tuning Ionic and Electronic Conductivities in the "Hollow" Perovskite {En}MAPbI3[END_REF][START_REF] Ke | Efficient Lead-Free Solar Cells Based on Hollow {en}MASnI 3 Perovskites[END_REF][START_REF] Spanopoulos | Unraveling the Chemical Nature of the 3D "Hollow" Hybrid Halide Perovskites[END_REF][START_REF] Ke | Enhanced Photovoltaic Performance and Stability with a New Type of Hollow 3D Perovskite {en}FASnI 3[END_REF] and two long dications, namely propylenediammonium and trimethylenediammonium [START_REF] Ke | Diammonium Cations in the FASnI 3 Perovskite Structure Lead to Lower Dark Currents and More Efficient Solar Cells[END_REF] 

Results and Discussion

In a system consisting of PbI2, MAI or FAI and a suitable organic dication A'I2 (A' 2+ being a dication with two primary ammonium functional groups), multilayered 2D Dion-Jacobson halide perovskites, (A')(MA)n-1PbnI3n+1, are expected to form. [START_REF] Lu | Thiophene-Based Two-Dimensional Dion-Jacobson Perovskite Solar Cells with over 15% Efficiency[END_REF][START_REF] Fu | Dion-Jacobson and Ruddlesden-Popper Double-Phase 2D Perovskites for Solar Cells[END_REF][START_REF] Cohen | Hydroxyl Functional Groups in Two-Dimensional Dion-Jacobson Perovskite Solar Cells[END_REF][START_REF] Chen | Managing Phase Orientation and Crystallinity of Printed Dion-Jacobson 2D Perovskite Layers via Controlling Crystallization Kinetics[END_REF] However, insertion of the PDA 2+ dication, whose molecular structure is displayed in Figure 1a, led to a different behavior. This cation was selected because a part of its skeleton " + NH3-CH2-CH(OH)-" is comparable to the HEA + cation whose ability to produce a d-HP structure has been demonstrated previously (Figure S1). 35,36[39] Our first tests of single crystals growths using liquid-gas diffusion method or inverse temperature crystallization method did not lead to a Dion-Jacobson (DJ) phase, but, systematically, to homogeneous samples of black crystals (Figure S2, Supporting Information). Single crystal X-ray diffraction showed a unit cell corresponding to the 3D MAPbI3 perovskite. However, the 1 H Nuclear Magnetic Resonance (NMR) spectra of well-washed and dried black crystals solubilized in deuterated Please cite this paper as : L. Gollino, A. Leblanc, J. Dittmer, N. Mercier, and T. Pauporté New Dication-Based Lead-Deficient 3D MAPbI3 and FAPbI3 "d-HPs" perovskites with an enhanced stability. ACS Omega, 8 (2023) 23870-23879. https://doi.org/10.1021/acsomega.3c02292 4 dimethylsulfoxyde (DMSO-d6) revealed the presence of both MA + and PDA 2+ cations (Figure S6a, Supporting Informationcase of PDA 2+ /MA + = 0.03) meaning that a small quantity of PDA 2+ dication was incorporated into the 3D framework. PDA 2+ dication contains six nonhydrogen atoms, and the retaining of a 3D structure instead of the formation of a 2D DJ upon incorporation of such long chain is a first to our knowledge.

The corresponding d-MAPI-PDAx compounds as well as d--FAPI-PDAx compounds (x= number of vacancies in lead and iodide deficient Pb1-xI3-x network) have been prepared as crystallized powders at room temperature through precipitation when a γ-butyrolactone (GBL) solution containing PbI2, MAI or FAI and PDAI2 reagents was poured into an ethyl acetate solution. It is worth noting that while, as well-known, the yellow powder of -FAPI precipitates at room temperature from PbI2 and FAI, a black powder was systematically obtained when PDAI2 was added to the system at room temperature (Figure 1b). This is a good indication that the black powder is not -FAPI but d--FAPI-PDAx, which is the 3D halide perovskite with lead and iodide vacancies and incorporating the PDA 2+ dication. Using this approach, we have S1, Supporting Information). Assuming the same kind of inorganic network, x values in the 0.05-0.08 and 0.02-0.07 ranges for the d-MAPI-PDAx and d-FAPI-PDAx series, respectively, were deducted from EDX results. The PDA 2+ /MA + and PDA 2+ /FA + ratio was determined from 1 H NMR of DMSO-d6 solutions in which crystallized powders were solubilized (Figure S7 and Figure S8, Supporting Information). Figure 1c gives an example of the presence of signals of both cations. The peaks integration gave a PDA 2+ /MA ratio of 0.08 for this sample. [START_REF] Wang | Perovskite-Based Photodetectors: Materials and Devices[END_REF] C solid state NMR experiments confirmed the insertion of PDA 2+ into the lattice. The spectrum of d-MAPI-PDA0.08 is given in Figure 1d. As expected, it shows one [START_REF] Wang | Perovskite-Based Photodetectors: Materials and Devices[END_REF] C signal at 31 ppm corresponding to the -CH3 group of the MA + cation, while two [START_REF] Wang | Perovskite-Based Photodetectors: Materials and Devices[END_REF] C double signals at 45 and 65 ppm are associated to the -CH2-NH3 + and -CH-OH groups of PDA 2+ cation, respectively. A low intensity shoulder at 29 ppm was noticed, indicating that MA + cations Please cite this paper as : L. Gollino, A. Leblanc, J. Dittmer, N. Mercier, and T. Pauporté New Dication-Based Lead-Deficient 3D MAPbI3 and FAPbI3 "d-HPs" perovskites with an enhanced stability. ACS Omega, 8 (2023) 23870-23879. https://doi.org/10.1021/acsomega.3c02292 5 occupy another site with different environment. As regards to the PDA 2+ signal, we first notice that they do not correspond to the ones of PDAI2 (Figure S9) meaning that the organic iodide salt is not present on the crystal surface or grain boundaries. Similarly to MA + , both types of carbon atoms of PDA 2+ show a distribution of sites with two maximaums, here also indicating two main types or environments. These observations agree with the existence of a deficient showing that the motions of MA + are also more constrained in this structure. With regards to (i) the Pb1-xI3-x network bearing a negative charge of (1+x) that must be counterbalanced by a positive charge of (1+x) borne by organic cations and (ii) the PDA 2+ /MA + or PDA 2+ /FA + ratio obtained from [START_REF] Lee | Efficient Hybrid Solar Cells Based on Meso-Superstructured Organometal Halide Perovskites[END_REF] H NMR experiments, a formulation for each d-MAPI-PDAx and d-FAPI-PDAx sample was found (Table S2 and Table S3, Supporting Information). Plotting PDA 2+ = f(x) and MA + or FA + = f(x) reveals linear relationships (Figure 1 addition. This is also observed by steady-state PL measurements (Figure 3e) where a slight blue-shift of 2 nm is observed. Figure 4b shows the XRD patterns of MAPI and d-MAPI-PDA thin films along with the aging up to 555 h. After 56 h, MAPI already started degrading as indicated by the small PbI2 peak.

The degradation started to be visible after around 297 h. After 456 h, the (001) PbI2 peak was as intense as the (110) MAPbI3 one. The film was finally totally degraded after 555 h, i.e. 23 days. During the whole aging process, no additional peaks were found, indicating an almost complete transformation of MAPbI3 into PbI2. In contrast, d-MAPI-PDA displayed a completely different degradation pathway. Indeed, after 56 h, the (001) PbI2 peak (already present in the fresh film) did not see its intensity increase and the perovskite (110) peak intensity did not change either. However, the unknown phase-related peaks at 10.5° and 11.6°, observed in the fresh film, completely disappeared and another appeared at 10.3°. This shows that these unknown compounds present in the d-MAPI-PDA films are the first to be deteriorated after air exposure and not the perovskite. After 192 h, a slight increase of the PbI2 was visible and two new peaks appeared at 8.5° and 10.6°. According to the literature, these peaks can be associated to the MAPbI3•H2O hydrate compound [START_REF] Leguy | Pauporté New Dication-Based Lead-Deficient 3D MAPbI3 and FAPbI3 "d-HPs" perovskites with an enhanced stability[END_REF] . Hydration of d-MAPI-PDA occurs extremely slowly most probably because water molecules interact with PDA 2+ cations which are present in the channels of the perovskite lattice [START_REF] Leblanc | Leadand Iodide-Deficient (CH 3 NH 3 )PbI 3 ( d -MAPI): The Bridge between 2D and 3D Hybrid Perovskites[END_REF] . On the other hand, for classic MAPI, the hydration is quick [START_REF] Leguy | Reversible Hydration of CH 3 NH 3 PbI 3 in Films, Single Crystals, and Solar Cells[END_REF] . After 339 h, the d-HP film degradation started to be slightly visible by eye. After 480 h of aging, the intensity of MAPbI3•H2O peaks rose a second time, meaning a sever hydration of the perovskite. New peaks at 10.1° and around 25° were observed. A possibility could have been the apparition of MA4PbI6•2H2O but the 2θ values found in the literature did not match S7. The reference MAPI champion cell delivered a power conversion efficiency (PCE) of 18.48%, with a VOC = 1.05 V, JSC = 22.30 mA/cm², FF = 79.13 % measured on the reverse Please cite this paper as : L. Gollino, A. Leblanc, J. Dittmer, N. Mercier, and T. Pauporté New Dication-Based Lead-Deficient 3D MAPbI3 and FAPbI3 "d-HPs" perovskites with an enhanced stability. ACS Omega, 8 (2023) 23870-23879. https://doi.org/10.1021/acsomega.3c02292 13 scan with a hysteresis index value of 15.8 % (PCE = 15.6 % in forward scan). On the other hand, the d-MAPI-PDA device reached a best efficiency of 13.00 %, with a VOC = 1.05 V, JSC = 20.41 mA/cm², FF = 60.92 % and a hysteresis index (HI) = 63.8 % (PCE = 4.70 % in forward scan). Statistical J-V parameter values of each system and their associated box charts are displayed in Table 1 and Figure S14, respectively. They confirm that the d-HP exhibits a very large HI. There have been many studies dedicated to the origin of hysteresis loop on the J-V curves of the perovskite solar cells. In the present case, our TRPL investigation has shown an unbalanced charge transport/extraction caused by the poor charge carrier extraction at the interface between the perovskite and charge transport layer. If these parameters are not correctly paired, it causes a charge carrier accumulation near ETL/perovskite (or perovskite/hole transporting layer (HTL)) interface. Ultimately, it will result in a capacitance phenomenon that produces hysteresis. The second origin that has been demonstrated in several paper, notably by Pauporté's at al. in the Ref. [51,52], is the ions migration, especially the migration of iodide.

Ions can migrate under polarization and can accumulate near the charge transport layers, causing hysteresis under operation conditions. In the case of the d-HP, due to the special structure with the presence of PbI + lacunas, we suspect that iodide migration is favoured.

Moreover, the inserted PDA dication could be mobile, exacerbating the magnitude of hysteresis. The charge accumulation at the interface(s) and the non-optimum charge transfer will exacerbate recombination and lower the current density and Voc of d-MAPI-PDA solar cells, while the ionic migrations will reduce their fill factor. 

Experimental Section

The thin film preparation methods, the PSC preparation methods and the PSC characterization methods are provided in the Supporting Information. were recorded with a Bruker ultrashield TM 300 MHz spectrometer (magnetic field 7 T), using deutered dimethylsulfoxyde (DMSO-d6) as solvent. [START_REF] Wang | Perovskite-Based Photodetectors: Materials and Devices[END_REF] C solid state NMR spectra were acquired with a Bruker Avance III 300 MHz spectrometer (magnetic field 7 T) equipped with a 4 mm H/X dual probe under magic angle spinning with 5 kHz. For 2 ms contact time crosspolarization (CP) spectra 2 K scans were accumulated with a recycle delay of 5 s, for direct excitation spectra 1 -2.5 K scans with a recycle delay of 40 s by means of the DEPTH sequence for suppression of background signals. C, H, N, and O elemental analyses were measured with a Flash 2000 Organic Elemental Analyzer, while elemental analysis of lead was realized by microanalysis method at the Crealins company (Villeurbanne, France).

Synthesis of crystals and powders

  based on five non-hydrogen atoms. However, the PDA 2+ dication contains additionally an alcohol function. The general formulations of d-MAPI-PDAx and d-FAPI-PDAx are established as (PDA)0,88x(MA)1-0,76x[Pb1-xI3-x] and (PDA)1,11x(FA)1-1,22x[Pb1-xI3x], respectively. These perovskites have been synthetized as single crystals for d-MAPI-PDAx, as powders and thin films for d-MAPI-PDAx and d-FAPI-PDAx. They have been fully characterized to assess the correct incorporation of PDA 2+ in the lattice, as well as the formation of the d-HP structure. A tuning of the perovskites optoelectronic properties has been determined by varying the amount of PDA 2+ inserted in the crystal structure. An astonishing air stability has also been found. Finally, we show first results on the use of d-MAPI-PDA in perovskite solar cells.

  photo Figure S3, Supporting Information). Powder X-Ray Diffraction (PXRD) patterns of these samples are comparable to the one of MAPI and -FAPI, (Figure S4 and Figure S5, Supporting Information). Energy Dispersive X-Ray (EDX) measurements were carried out on powders of MAPI and -FAPI references compounds as well as on PDA 2+ -based samples that revealed a I/Pb ratio superior to 3 (3.11-3.17 range and 3.04-3.15 range for the d-MAPI-PDAx and d-FAPI-PDAx series, respectively) as found in lead and iodide deficient Pb1-xI3-x networks (TableS1, Supporting Information). Assuming the same kind of inorganic network, x values
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  Pb1-xI3-x] network which offers several potential sites for organic cation insertion. Direct excitation spectra, although showing only very weak PDA 2+ signals, confirm that the crosspolarization (CP) signals are representative. The big PDA 2+ cation is relatively immobile in terms of molecular reorientation, so that the CP experiments are more efficient. The CP intensity of the small MA + ions is also enhanced in both d-MAPI-PDAx compared to MAPI,
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 6182 Figure 1. (a) PDA 2+ cation (with I -counterions represented) (b) Room temperature synthesis of -FAPI (yellow) and d--FAPI-PDAx (black), a lead and iodide deficient 3D halide perovskite containing PDA 2+ dication. (c) 1 H NMR of d-MAPI-PDA0.08 crystallized powder solubilized in DMSO-d6.; (d) 13 C direct excitation and cross-polarization (CP) solid state NMR of d-MAPI-PDAx crystallized powders and MAPbI3.;. (e) Linear relationships of PDA 2+ and FA + contents with x (x= number of lead and iodide vacancies), leading to the proposed formulation of (PDA)1,11x(FA)1-1,22x[Pb1-xI3-x] for d-α-FAPI-PDA compounds. Thin films of the compounds d-MAPI-PDAx and d-FAPI-PDAx compounds were then prepared from precursor solutions by spin-coating. By varying the stoichiometry of the precursors, two distinct compositions (x values) for each perovskite could be obtained: d-MAPI-PDA0.06, d-MAPI-PDA0.08, d-FAPI-PDA0.05 and d-FAPI-PDA0.07 for precursor stoichiometry of 1/3/3, 1.25/3/3, 0.75/3/3, and 1/3/3 of PDAI2/MAI/PbI2 and PDAI2/FAI/PbI2. The x values of these films were deducted from I/Pb ratios obtainedmeasured by EDX
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Figure 3 .

 3 Figure 3. Characterizations of MAPI and d-MAPI-PDA films. (a) Pictures of filmsreference;. (b) XRD patterns of MAPI and d-MAPI-PDA films.; (c) sSame as (b) zoomed between 27-29°.; (d) UV-Visible absorbance.; (e) Steady-state PL spectra of MAPI and d-MAPI-PDA films.

12 Figure 4 .

 124 Photoluminescence (TRPL) measurements were performed on d-MAPI-PDA films deposited on FTO/c-TiO2/m-TiO2 substrates. The associated decay curves were fitted using a triple exponential function to obtain the best possible coefficient of determination R². The decay curves are depicted in Figure 4c-d. The triple exponential function used, and the extracted fitting parameters obtained are gathered in TableS6. By this fitting, two parameters τfast and τslow were determined. These parameters represent the non-radiative recombination at the electron transporting layer (ETL)/perovskite interface (reflecting the speed of charge injection in the transport layer) and the bimolecular recombination in the bulk of the perovskite (reflecting the bulk trap density), respectively. A higher τslow means much better bulk structural quality of the perovskite. A lower τfast value indicates better charge extraction at ETL/perovskite layer, therefore, lower interface recombination centers and defect density. d-MAPI-PDA exhibits a τslow value of 52.73 ns, 3.4 times higher than the τslow of 15.62 ns obtained from classic MAPbI3. It indicates a better bulk quality of the d-MAPI-PDA perovskite. This result is in agreement with the good crystallinity of d-MAPI-PDA observed by XRD (Figure3b). The τfast values were measured at 0.72 ns for MAPI and 5.84 ns for d-MAPI-PDA, i.e more than eight times the MAPI τfast value. It suggests a slower electron injection caused by a downgraded ETL/perovskite interface. We can note that poor charge injection leads to a charge accumulation that can accentuate the hysteresis phenomenon. The improved bulk quality of d-MAPI-PDA perovskite compared to MAPbI3 may explain the better air stability observed for this d-HP perovskite.
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 145 Figure 5. (a) J-V curves of best MAPI and d-MAPI-PDA devices. (b) Normalized PCE evolution of unencapsulated MAPI and d-MAPI-PDA devices efficiency as a function of aging time. Storage was made under ambient conditions (70-90 % RH, T°=16-18°C) and ambient light. Inset: Pictures of MAPI (black frame) and d-MAPI-PDA (red frame) devices after 450h of aging.

  MAPbI3 and FAPbI3 perovskite lattice, thus creating new 3D d-HPs bypassing the tolerance factor. Such perovskites were notably synthesized as crystals and powders and characterized, for various amount of PDA 2+ cations: d-MAPI-PDA0.05, d-MAPI-PDA0.07, d-MAPI-PDA0.08, d-Please cite this paper as : L. Gollino, A. Leblanc, J. Dittmer, N. Mercier, and T. Pauporté New Dication-Based Lead-Deficient 3D MAPbI3 and FAPbI3 "d-HPs" perovskites with an enhanced stability. ACS Omega, 8 (2023) 23870-23879. https://doi.org/10.1021/acsomega.3c02292 15 -FAPI-PDA0.02, d--FAPI-PDA0.04, d--FAPI-PDA0.07. A noteworthy point is the room temperature synthesis of a pure α-FAPI perovskite type (as d--FAPI-PDAx) powders as well as the thin film preparation at a temperature of 125 °C, well-below the commonly used 150 °C. After a thorough analysis, general formulations of (PDA)0,88x(MA)1-0,76x[Pb1-xI3-x] for d-MAPI-PDA and (PDA)1,11x(FA)1-1,22x[Pb1-xI3-x] for d-α-FAPI-PDA were proposed. Thin films of 3D d-MAPI-PDAx and d-FAPI-PDAx were also obtained for two different x values: d-MAPI-PDA0.06, d-MAPI-PDA0.08, d-FAPI-PDA0.05 and d-FAPI-PDA0.07. A high crystallinity of the films as well as a certain scalability of the bandgap was observed depending on the amount of PDA 2+ cations. These films exhibited an excellent stability once stored in air, far surpassing the one of the classic MAPbI3 and FAPbI3. TRPL measurements conducted on d-MAPI-PDA demonstrated a superior bulk quality of the perovskite after PDA 2+ incorporation, explaining such an impressive stability under ambient conditions. Finally, d-MAPI-PDA films were tested in PSCs and delivered a champion efficiency of 13.0 % with a good reproducibility and stability, proving the feasibility of d-MAPI-PDA PSCs.

[ 16 [ 3 (

 163 Iodide salt of dication (PDAI2, IH3N-CH2-CH(OH)-CH2-NH3I)]Crystals of PDAI2 were obtained by solvent evaporation. 1 molar equivalent of 1,3-diaminopropan-2-ol (H2N-CH2-CH(OH)-CH2-NH2, Combi-Blocks, 98%) was added and dissolved into 2.4 molar equivalent of an aqueous solution of hydroiodic acid (HI(aq), Alfa Aesar, 57 wt%), at room temperature.Then, this aqueous solution was placed under a gaseous stream of nitrogen leading to a complete evaporation of water together with the formation of white/colourless PDAI2 crystals. The PDAI2 crystals were washed several times by ethyl acetate (Carlo Erba Reagents) and then stocked into a desiccator.Please cite this paper as : L. Gollino, A. Leblanc, J. Dittmer, N. Mercier, and T. Pauporté New Dication-Based Lead-Deficient 3D MAPbI3 and FAPbI3 "d-HPs" perovskites with an enhanced stability. ACS Omega, 8 (2023) 23870-23879. https://doi.org/10.1021/acsomega.3c02292 Crystals of d-MAPI-PDAx] Crystals of d-MAPI-PDAx were obtained by inverse temperature crystallization (ITC) method. First, the precursors PDAI2, methylammonium iodide (MAI, Greatcell Solar Materials), and lead iodide (PbI2, Sigma Aldrich, 99 %) were dissolved into γbutyrolactone (GBL) under agitation at 60 °C, respecting a PbI2 concentration of 1.0 mol.L -1 and the stoichiometries 1-1.25/3/3 (PDAI2/MAI/PbI2, respectively). Secondly, the precursor solution was heated to 100 °C for 30 minutes, leading to black d-MAPI-PDAx crystals. Finally, the crystals were filtered, dried, and stored in a desiccator. [Powders of d-MAPI-PDAx and MAPI] MAPI and three compositions of d-MAPI-PDAx powders were obtained (d-MAPI-PDA0.05 with x = 0.05, d-MAPI-PDA0.07 with x = 0.07, and d-MAPI-PDA0.08 with x = 0.08), all by fast precipitation method, at room temperature. The precursors PDAI2, MAI, and PbI2 were dissolved into 0.5 mL of GBL (at 60 °C), with a PbI2 concentration of 1.0 mol.L -1 , and respecting the accurate stoichiometries 0.10/3/PDAI2/MAI/PbI2, respectively) for d-MAPI-PDA0.05, 0.15/3/3 for d-MAPI-PDA0.07, 0.20/3/3 for d-MAPI-PDA0.08, and 0/3/3 for MAPI. Then, precursor solutions were separately added into 2 mL of ethyl acetate previously heated to 60 °C, immediately leading to the precipitation of the d-MAPI-PDA0.05, d-MAPI-PDA0.07, d-MAPI-PDA0.08, and MAPI black powders. These precipitated powders were filtered, several times washed with ethyl acetate, dried, and stored in a desiccator. [Powders of d-α-FAPI-PDAx and α-FAPI] α-FAPI and three compositions of d-α-FAPI-PDAx powders were obtained (d-FAPI-PDA0.02 with x = 0.02, d-FAPI-PDA0.04 with x = 0.04, and d-FAPI-PDA0.07 with x = 0.07), all by the same fast precipitation method employed for d-MAPI-PDAx powders. The precursors PDAI2, FAI, and PbI2 were dissolved into 0.5 mL of GBL (at 60 °C), with a PbI2 concentration of 1.0 mol.L -1 , and respecting the accurate stoichiometries 0.15/3/3 (PDAI2/FAI/PbI2, respectively) for d-FAPI-PDA0.02, 0.20/3/3 for d-FAPI-PDA0.04, 0.25/3/3 for d-FAPI-PDA0.07, and 0/3/3 for α-FAPI. Then, this precursor solutions were each separately added into 2 mL of ethyl acetate (which has been previously heated to 60 °C), immediately leading to precipitation of d-FAPI-PDA0.02, d-FAPI-PDA0.04, and d-FAPI-PDA0.07 black powders. Concerning α-FAPI, the obtained precipitate powder was the yellow δ-FAPI phase, it is only after the subsequent heating at 155 °C that the black α-FAPI was formed. All these precipitated powders were filtered, washed several times with ethyl acetate, dried in an oven (at 155 °C for the reference α-FAPI, below 100 °C for d-FAPI-PDA0.02, d-FAPI-PDA0.04, and d-FAPI-PDA0.07), and then stored in a desiccator. Please cite this paper as : L. Gollino, A. Leblanc, J. Dittmer, N. Mercier, and T. Pauporté New Dication-Based Lead-Deficient 3D MAPbI3 and FAPbI3 "d-HPs" perovskites with an enhanced stability. ACS Omega, 8 (2023) 23870-23879. https://doi.org/10.1021/acsomega.3c02292 17 Characterization of crystals, powders and thin films Single crystal XRD data collection was performed using an Agilent supernova diffractometer (copper radiation source, λCu = 1,54184 Å). Powder and thin film XRD data collection was carried out using a D8 Bruker diffractometer (copper radiation source), equipped with a scintillation detector. EDX-MEB measurements were performed with a Zeiss EVO LS10. A carbon coating (3 nm) deposition was realized for all powders samples. Employed calibrations: Intensity = 200 pA / EHT = 20 kV / Diaphragm: 30 µm. 300 MHz 1 H NMR (solution) spectra

  

  

  

Table 1 .

 1 Average photovoltaic J-V parameters with standard deviation of MAPI and d-MAPI-PDA PSCs.

	Sample	Scan direction	VOC [V]	JSC [mA.cm -²]	FF [%]	PCE [%]	HI [%] a)
	MAPI	Reverse Forward	1.05 ± 0.01 1.01 ± 0.02	21.63 ± 0.44 79.41 ± 1.58 21.65 ± 0.48 69.52 ± 1.17	18.10 ± 0.54 15.16 ± 0.37	16.2 ± 2.5
	d-MAPI-	Reverse	1.03 ± 0.02	19.23 ± 0.59 55.84 ± 2.36	11.07 ± 0.86	65.4 ±
	PDA	Forward	0.81 ± 0.05	19.21 ± 0.61 24.45 ± 4.00	3.84 ± 0.79	6.1
	a) Hysteresis index, noted HI, defined as (PCErev-PCEfwd)*100/PCErev		
	Conclusion						
	We have reported the successful incorporation of the big organic dication PDA 2+ into 3D
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allows the room temperature (RT) synthesis of the -FAPI type structure and an astonishing improvement of the air stability for these perovskites. The feasibility of solar cells based on these original perovskites is also proved.