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SUMMARY:
This work demonstrates facile room-temperature synthesis of colloidal quantum-confined lead halide perovskite nanoplatelets by ligand-assisted reprecipitation method. Synthesized nanoplatelets show spectrally narrow optical features and continuous spectral tunability throughout the visible range by varying the composition and thicknesses.

ABSTRACT:
In this work, we demonstrate a facile method for colloidal lead halide perovskite nanoplatelet synthesis (Chemical formula: L2[ABX3]n-1BX4, L: butylammonium and octylammonium, A: methylammonium or formamidinium, B: lead, X: bromide and iodide, n: number of [BX6]4- octahedral layers in the direction of nanoplatelet thickness) via ligand-assisted reprecipitation. Individual perovskite precursor solutions are prepared by dissolving each nanoplatelet constituent salt in N,N-dimethylformamide (DMF), which is a polar organic solvent, and then mixing in specific ratios for targeted nanoplatelet thickness and composition. Once the mixed precursor solution is dropped into nonpolar toluene, the abrupt change in the solubility induces the instantaneous crystallization of nanoplatelets with surface-bound alkylammonium halide ligands providing colloidal stability. Photoluminescence and absorption spectra reveal emissive and strongly quantum-confined features. X-ray diffraction and transmission electron microscopy confirm the two-dimensional structure of the nanoplatelets. Furthermore, we demonstrate that the band gap of perovskite nanoplatelets can be continuously tuned in the visible range by varying the stoichiometry of the halide ion(s). Lastly, we demonstrate the flexibility of the ligand-assisted reprecipitation method by introducing multiple species as surface-capping ligands. This methodology represents a simple procedure for preparing dispersions of emissive 2D colloidal semiconductors. 

INTRODUCTION:  
In the past decade, fabrication of lead halide perovskites solar cells1-6 has effectively highlighted the excellent properties of this semiconductor material, including long carrier diffusion lengths7-10, compositional tunability4,5,11 and low-cost synthesis12. In particular, the unique nature of defect tolerance13,14 makes lead halide perovskites fundamentally different from other semiconductors and thus highly promising for next-generation optoelectronic applications. 

In addition to solar cells, lead halide perovskites have been shown to make excellent optoelectronic devices such as light-emitting diodes6,15-22, lasers23-25, and photodetectors26-28.  Especially, when prepared in the form of colloidal nanocrystals18,29-43, lead halide perovskites may exhibit strong quantum- and dielectric-confinement, large exciton binding energy44,45, and bright luminescence17,19 along with facile solution processability. Various reported geometries including quantum dots29-32, nanorods33,34 and nanoplatelets18,35-41,43 further demonstrate the shape tunability of lead halide perovskite nanocrystals.

Among those nanocrystals, colloidal two-dimensional (2D) lead halide perovskites, or “perovskite nanoplatelets”, are especially promising for light-emitting applications due to strong confinement of charge carriers, large exciton binding energy reaching up to hundreds of meV44, and spectrally narrow emission from thickness-pure ensembles of nanoplatelets39. Additionally, anisotropic emission reported for 2D perovskite nanocrystals46 and other 2D semiconductors47,48 highlights the potential of maximizing outcoupling efficiency from perovskite nanoplatelet-based light-emitting devices. 

Here, we demonstrate a protocol for the simple, universal, room-temperature synthesis of colloidal lead halide perovskite nanoplatelets via a ligand-assisted reprecipitation technique36,38,49. Perovskite nanoplatelets incorporating iodide and/or bromide halide anions, methylammonium or formamidinium organic cations, and variable organic surface ligands are demonstrated. Procedures for controlling the absorption and emission energy and the thickness purity of the colloidal dispersion are discussed.

PROTOCOL: 

NOTE: Simpler notations of ‘n = 1 BX’ and ‘n = 2 ABX’ will be used from here instead of the complex chemical formula of L2BX4 and L2[ABX3]BX4, respectively. For better stability and optical properties of resulting perovskite nanoplatelets, it is recommended to complete the whole procedure under inert conditions49 (i.e., a nitrogen glovebox).

1. Preparation of perovskite nanoplatelet precursor solution

1.1. Prepare ~1 mL of 0.2 M solutions of methylammonium bromide (MABr), formamidinium bromide (FABr), lead bromide (PbBr2), butylammonium bromide (BABr), octylammonium bromide (OABr), methylammonium iodide (MAI), formamidinium iodide (FAI), lead iodide (PbI2), butylammonium iodide (BAI), and octylammonium iodide (OAI) in N,N-dimethylformamide (DMF) either by dissolving each salt in DMF or by diluting commercially available solutions. 

1.1.1. PbBr2 is not readily soluble in DMF at room temperature, keep the solution at 80 °C for 10 min or longer for complete dissolution. Once dissolved, cool the solution back to room temperature before use.

NOTE: Concentration of individual precursor solutions can be increased to synthesize more nanoplatelets, but the maximum concentration is usually limited by the solubilities of PbBr2 and PbI2 in DMF.

1.2. Mix those individual precursor solutions in specific volumetric ratios for each target thickness and composition. 

1.2.1. To synthesize bromide-only or iodide-only nanoplatelets, see Table 1, which summarizes the volumetric ratios for n = 1 and n = 2 bromide and iodide nanoplatelets. 

1.2.2. To synthesize nanoplatelets with mixed halide compositions, combine bromide-only and iodide-only perovskite nanoplatelet precursor solutions of the same thickness at desired volumetric ratio for the target composition. For example, to make 30%-bromide-70%-iodide n = 2 perovskite nanoplatelets, mix the precursor solutions of n = 2 MAPbBr and n = 2 MAPbI at a 3:7 volumetric ratio. 

NOTE: Changing the organic cation does not significantly affect the optical transition energies13. Absorption and luminescence are primarily tuned by changing the halide composition or nanoplatelet thickness.

2. Synthesis of perovskite nanoplatelets via ligand-assisted reprecipitation method

2.1. Inject 10 µL of mixed precursor solution into 10 mL of toluene under vigorous stirring. Nanoplatelets will instantaneously crystallize due to the abrupt change in the solubility.

NOTE: The amount of mixed precursor solution injected into toluene can be increased up to ~100 µL. Total amount of injected precursor solution and injection speed do not seem to significantly affect perovskite nanoplatelet morphology (Figure S1). However, injection of too much DMF increases the polarity of the solution and reduces the crystallization. 

2.2. Leave the solution under stirring for 10 min until no further color change is observed from the solution to ensure complete crystallization of perovskite nanoplatelets.

NOTE: Freshly synthesized perovskite nanoplatelets from freshly prepared precursor solutions usually show the best photoluminescence quantum yield and photostability49. And over time, nanoplatelets will slowly aggregate (Figure S2), deteriorating colloidal stability. Thus, it is recommended to use nanoplatelet solutions as soon as possible once synthesized.

3. Characterization sample preparation and purification of colloidal perovskite nanoplatelet solution.

3.1. Transmission electron microscopy (TEM) sample preparation.

3.1.1. Centrifuge the solution at 2050 x g for 10 min. 

3.1.2. Discard the supernatant.

3.1.3. Redisperse the nanoplatelets in 1 mL of toluene.

3.1.4. Drop 1 droplet on a TEM grid.

3.1.5. Dry the sample under vacuum.

3.2. X-ray diffraction (XRD) sample preparation

3.2.1. Centrifuge the solution at 2050 x g for 10 min. 

3.2.2. Discard the supernatant.

3.2.3. Redisperse the nanoplatelets in 30 µL of toluene.

3.2.4. Dropcast on a glass slide.

3.2.5. Dry the sample under vacuum.

3.3. General purification

3.3.1. Centrifuge the solution at 2050 x g for 10 min. 

3.3.2. Discard the supernatant.

3.3.3. Redisperse the nanoplatelets in desired amount of solvent depending on the usage.

NOTE: Depending on the usage of nanoplatelets, the volume of the redispersing solvent can be freely adjusted and other nonpolar organic solvents such as hexane, octane or chlorobenzene can be used instead of toluene.
 
REPRESENTATIVE RESULTS: 
Schematic illustration of perovskite nanoplatelets and synthesis procedure gives an overview of the material and synthetic details (Figure 1). Pictures of colloidal perovskite nanoplatelet solutions under ambient light and UV (Figure 2), combined with photoluminescence and absorption spectra (Figure 3) further confirm the emissive and absorptive nature of nanoplatelets. TEM images (Figure 4) and XRD patterns (Figure 5) are used to estimate the lateral dimensions and stacking spacings of nanoplatelets, respectively, while also confirming the two-dimensional structure. Absorption spectra of perovskite nanoplatelet solutions with mixed halides demonstrate tunability of the bandgap (Figure 6). Insensitivity of the photoluminescence spectrum to the chemical identity of organic surface-capping ligands highlights the compositional flexibility of these materials (Figure 7).

FIGURE AND TABLE LEGENDS: 
Table 1. Formulation guidelines for perovskite nanoplatelet precursor solutions. Numbers in the table indicate the volumetric equivalents of each precursor solution (columns) that should be combined to achieve the targeted nanoplatelet (rows), according to the concentration specifications in the protocol text.

Figure 1. Perovskite nanoplatelet structure and synthesis procedure. (a) Illustration of perovskite unit cell and nanoplatelet structure. (b) Schematic illustration of colloidal perovskite nanoplatelet synthesis. Reprinted (adapted) with permission from Ref. 48. Copyright 2019 American Chemical Society.

Figure 2. Colloidal perovskite nanoplatelet solutions illuminated by UV light. Emission from the nanoplatelets can be clearly seen along the beam path. Reprinted (adapted) with permission from Ref. 48. Copyright 2019 American Chemical Society.

Figure 3. Photoluminescence and absorption spectra of colloidal perovskite nanoplatelet solutions. Bandgap of the nanoplatelets can be tuned with thickness and composition. Longpass filter (Cut-on wavelength: 400 nm) was used to filter out excitation UV light before photoluminescence spectrum collection and it could have slightly altered n = 1 lead bromide nanoplatelet emission spectrum.

Figure 4. Transmission electron microscopy (TEM) images of perovskite nanoplatelets. Images show randomly-overlapping nanoplatelets. See also Figure S7.

Figure 5. X-ray diffraction (XRD) patterns and d-spacings of perovskite nanoplatelets. XRD patterns are dominated by nanoplatelet stacking peaks which confirm the two-dimensional nature of the nanoplatelets and their face-to-face self-assembly in dropcasted films.

Figure 6. Absorption spectra of colloidal perovskite nanoplatelet solutions with mixed halides. Continuous shift of first excitonic absorption features shows bandgap tunability with halide composition.

Figure 7. Photoluminescence spectra of n = 1 PbBr and n = 2 MAPbBr nanoplatelets synthesized with different ligand species. The reprecipitation method can be easily extended to other ligand chemistries. See also Table S2 for formulation guidelines. Longpass filter (Cut-on wavelength: 400 nm) was used to filter out excitation UV light before photoluminescence spectrum collection and it could have slightly altered n = 1 lead bromide nanoplatelet emission spectrum.

Supplementary file. Supporting information.
DISCUSSION: 
The product of this synthesis is colloidal lead halide nanoplatelets capped by alkylammonium halide surface ligands (Figure 1a). Figure 1b demonstrates the synthetic procedure of colloidal perovskite nanoplatelets via ligand-assisted reprecipitation. To summarize, constituent precursor salts were dissolved in a polar solvent DMF in specific ratios for desired thickness and composition, and then injected into toluene, which is nonpolar. Due to the abrupt change in solubility, colloidal perovskite nanoplatelets started to crystallize instantaneously. When preparing the mixed precursor solution, ratios between constituent precursors primarily determined the thickness of resulting nanoplatelets (Figure S3), and the presence of excess ligands in precursor solution was crucial to ensure the thickness homogeneity of the product (Figure S4). In general, any polar solvent can be used to dissolve perovskite precursor salts while any nonpolar solvent can be used to disperse colloidal nanoplatelets. However, miscibility of those nonpolar and polar solvents is crucial for homogeneous synthesis of colloidal perovskite nanoplatelets, and thus we chose DMF and toluene. Also, it is important to have nonpolar solvent in large excess to the added polar solvent for the crystallization of perovskite nanoplatelets to occur. Adding too much polar solvent increases the polarity of the resulting solvent mixture (i.e. DMF + toluene), which can dissolve the nanoplatelets. Chloride- and cesium-incorporating nanopatelets can also be synthesized by this approach (Figure S5), though the chloride-containing nanoplatelets are nonemissive and the cesium-based nanoplatelets suffer from inferior stability and thickness homogeneity relative to the methylammonium-based nanoplatelets when synthesized via this method38. Finally, we note that only the n = 1 and n = 2 members have been synthesized with good thickness homogeneity by this method; attempts at making thicker (n ≥ 3) nanoplatelets typically yield mixed-thickness dispersions (Figure S6).

Figure 2 shows the images of as-synthesized colloidal perovskite nanoplatelet solutions illuminated by UV light, where the emission of the nanoplatelets can be clearly seen along the beam path. Figure 3 shows the normalized photoluminescence (PL) and absorption spectra of colloidal perovskite nanoplatelet solutions, which are consistent with previous reports37,38,50,51, demonstrating the tunability of perovskite nanoplatelets with thickness and constituent species. For all nanoplatelets, strong excitonic features in the absorption spectra and significant blue-shift of the spectra compared to bulk perovskites35 were observed due to strong quantum- and dielectric-confinement. Changing the organic cation from methylammonium to formamidinium did not significantly affect the band gap – either for bromide or iodide nanoplatelets – in agreement with understanding of the valence electronic structure in lead halide perovskites13. Table S1 summarizes the photoluminescence quantum yields (PLQYs) of those colloidal perovskite nanoplatelet solutions.

The two-dimensional structure of the perovskite nanoplatelets was confirmed by TEM and XRD. In Figure 4, TEM images show partially overlapping two-dimensional perovskite nanoplatelets, with individual lateral dimensions ranging from a few hundred nanometers to a micrometer. The image contrast and random configuration of nanoplatelets on the TEM grid suggests that they are dispersed in solution as individual sheets – rather than stacked lamellar crystals. Small, dark spherical dots appeared upon electron beam irradiation as observed in Figure 4, and they are believed to be metallic Pb as previously reported36,52. Due to the large lateral dimensions of perovskite nanoplatelets, they preferentially lay flat on top of each other when cast into a film, and periodic stacking peaks dominated the XRD pattern as shown in Figure 5. Considering that the lattice constant for the cubic perovskite unit cell is ~ 0.6 nm53, it can be deduced that the organic ligand layer is 1 nm thick in stacked nanoplatelet films regardless of the nanoplatelet species38. 

The absorption and emission resonance could be continuously tuned by varying the halide composition. Figure 6 shows the normalized absorption spectra of colloidal n = 1 PbX and n = 2 MAPbX nanoplatelet solutions with varying ratios of bromide and iodide. Clear excitonic absorption peaks indicate strong confinement of carriers in nanoplatelets, and continuous shift of those peaks with halide composition demonstrates band gap tunability through halide composition variation (Figure S8). However, photoluminescence spectra of mixed-halide nanoplatelets exhibit broad or multiple features (Figure S9), which is possibly due to photoinduced halide segregation.54

The ligand-assisted reprecipitation method is particularly amenable to changing the identity of the long-chain capping ligand, as shown in Figure 7. This opens up the possibility of tuning the nature of the surface-bound organic species for the optimized performance of a specific device or application55. We note, however, that the ratios between individual precursors may require slight adjustment when employing new ligand species for the best thickness homogeneity of the resulting system (Figure S10 and Table S2). 

In conclusion, we have demonstrated a simple, versatile method for synthesizing colloidal lead halide perovskite nanoplatelets of varying composition (Figure S11). The ligand-assisted reprecipitation approach is potentially amenable to high-throughput synthesis and further data-driven analysis. Thickness-, composition- and ligand-tunability can be achieved without any major modifications in the synthetic protocols. Moving forward, it would be desirable to further increase the photoluminescence efficiency to levels commensurate with other perovskite nanocrystals29,32,56. 
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