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SUMMARY 

Due to their tremendous optoelectronic properties, lead halide perovskite materials 

have recently been extensively studied for their use in numerous applications, including as 

solar cells, photodetectors, scintillators, and light emitting diodes. Perovskite nanocrystals, 

in particular possess tremendous potential as emitters due to their room temperature 

solution processability, defect tolerance, widely tunable emission wavelength, narrow full 

width at half maximum of emission, and high photoluminescence quantum yield. 

Unfortunately, perovskite nanocrystals do have some notable weaknesses, such as poor 

stability in many ambient conditions (moisture, heat, ultraviolet light) and a reliance on 

batch processing techniques. Many of these strengths and weaknesses originate from the 

ionic nature of the ABX3 metal halide perovskite crystal structure. For the many 

advantageous properties of perovskite nanocrystals to be realized in at a commercial scale, 

the stabilities and production rate of perovskite nanocrystals must be significantly 

increased. To that end, this dissertation provides three unique approaches to either increase 

the stability or production rate of metal halide perovskite nanocrystals. These strategies 

include using unique organic chemistries to rationally craft molecules that will boost 

stability. Additionally, the use of a flow reactor for continuous synthesis of perovskite 

nanocrystals is explored. Specifically, three different research projects employ different 

strategies to enhance stability and production, as summarized below: 

First, nonlinear block copolymer nanoreactors were integrated into flow reactors to 

continuously manufacture highly stable perovskite nanocrystals. Star-like poly(acrylic 

acid)-b-polystyrene copolymer nanoreactors were first synthesized via sequential atom 

transfer radical polymerization. They were then integrated in a house-built flow reactor to 
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template the growth of perovskite nanocrystals. A variety of parameters were tuned to 

optimize synthesis, including antisolvent composition, antisolvent flowrate, and precursor 

solution flowrate. Due to the permanent ligation from the polymer nanoreactor, perovskite 

nanocrystals manufactured with this strategy display significantly enhanced colloidal, UV, 

and thermal stabilities over those synthesized with conventional ligands. Such scaling up 

of highly stable perovskite nanocrystals represents an important step towards their eventual 

use in many practical applications in optoelectronic materials and devices. 

Second, Ruddlesden-Popper perovskite nanoplatelets were continuously 

manufactured via a flow reactor. Because of their enhanced quantum confinement, 

colloidal two-dimensional Ruddlesden-Popper (RP) perovskite nanosheets with a general 

formula L2[ABX3]n-1BX4 stand as a promising narrow-wavelength blue-emitting 

nanomaterial. A flow reactor was designed and optimized to continuously produce high-

quality n=1 RP perovskite nanoplatelets. The effects of antisolvent composition, reactor 

tube length, precursor solution injection rate, and antisolvent injection rate on the 

morphology and optical properties of the nanoplatelets was systematically examined. The 

investigation suggests that flow reactors can be employed to synthesize high-quality 

L2PbX4 perovskite nanoplatelets (i.e., n =1) at rates greater than 8 times that of batch 

synthesis. Mass-produced perovskite nanoplatelets promise a variety of potential 

applications in optoelectronics, including light emitting diodes, photodetectors, and solar 

cells. 

Third, thiol-ene chemistry was used to rationally engineer alkylammonium cations 

for highly stable Ruddlesden-Popper perovskite nanoplatelets. The hydrophobic nature of 

the bulky alkylammonium cations on Ruddlesden-Popper perovskite has been shown to 



xxii 

 

increase their stability relative to conventional ABX3 perovskite. Additional chemical 

alteration to these organic molecules should thus further enhance stability. In this 

dissertation, thiol-ene click chemistry was used in two different methods to engineer the 

alkylammonium cations. First, in-situ crosslinking of unsaturated cations to craft organic 

shells around individual L2PbBr4 nanoplatelets was attempted. Second, ex-situ synthesis of 

various superhydrophobic perfluorinated alkylammonium cations was performed. The 

properties and stabilities of nanoplatelets made with increasing degrees of perfluorination 

were studied, and it was found that increasing the number of fluorinated carbons in the 

alkylammonium cations resulted in greater water stability. This study demonstrates how 

unique chemistries can be used to craft perovskite materials that can meet the stability 

demands of broad applications. 

 Through these three projects, this dissertation shows that the stability and 

production rate of perovskite nanocrystals can be increased towards that needed for  

widespread adoption. Encouragingly, the strategies presented are widely applicable and do 

not necessitate difficult experimental conditions. Thus, future studies can build on the 

fundamental science explored in this dissertation to further push perovskite nanocrystals to 

reach their tremendous potential. 
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CHAPTER 1. INTRODUCTION 

Metal halide perovskite materials have recently garnered significant research interest 

due to their outstanding optoelectronic properties. Perovskite materials generally have the 

formula ABX3, where A is a monovalent cation (i.e. Cs+, MA+, FA+), B is a divalent cation 

(i.e. Pb2+, Sn2+, Bi2+, etc.), and X is a halide anion (I-, Br-, Cl-). The halide ions create corner 

sharing BX6 octahedra around the divalent B2+ cations, and the A+ cation occupies the cubo-

octahedral cavity within the corner shared BX6 octahedral framework (as shown in Figure 

1a). 

Though inorganic lead halide perovskites (CsPbX3, X=Cl, Br, I) were first discovered 

in the 19th century,1 it took until the 1950s to elucidate their crystal structure and 

semiconductive properties.2 This material enjoyed relative obscurity until 2009 when 

Kojima et al. incorporated CH3NH3PbBr3 (MAPbBr3) into a sensitized solar cell and 

obtained a soler energy conversion of 3.8%.3 Since then, the solar conversion efficiency of 

perovskite solar cells has dramatically increased, reaching greater than 25%.4 Much of the 

successes of this material can be traced to its unique properties, including long carrier 

diffusion lengths,5-6 high carrier mobilities,7 long range and balanced electron and hole 

transport,8 low trap density, 9 multiphoton high absorption coefficient,10-11 and direct and 

tunable bandgaps.12 These properties have led to applications greater than photovoltaics, 

such as photodetectors,13-16 light emitting diodes (LEDs), and lasers.17-20 
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1.1 Lead Halide Perovskite 

1.1.1 Variations of Perovskite Crystal Structures 

While traditional perovskite possesses the ABX3 structure outlined above, there are 

various other forms of perovskite. A particularly interesting phase, and a focus in later parts 

of this dissertation, is the Ruddlesden-Popper (RP) phase. RP perovskite is formed when a 

bulky monovalent cation is substituted in the A site. If the cation is sufficiently large, it 

will inhibit the formation of 3D perovskite structure, limiting the crystal to corner-sharing 

octahedral layers. The resulting RP perovskite has the formula L2(ABX3)1-nBX4, with n 

being the number of layers of BX6 octahedra (as illustrated in Figure 1b). Monolayer RP 

perovskites experience significantly increased quantum confinement, which drastically 

alters their optical properties, including blue shifting emission/absorption and narrowing 

full width at half maximum of emission (FWHM).21-22 Additionally, these 

organic/inorganic hybrid RP perovskites possess superior ambient stability to conventional 

PNCs due to the ionically-bound bulky alkylammonium cations.23 The hydrophobic nature 

of these cations inhibits the diffusion of moisture through to the inorganic perovskite 

lattice, thereby enhancing stability. 

 

Figure 1 - (a) Schematic diagram of ABX3 perovskite structure. (b) Schematic of n=1 

Ruddlesden-Popper phase perovskite. Note that while the L cations in the diagram are 

linear, they can have a variety of diverse architectures. 
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A variety of alkylammonium cations have been used to craft RP perovskite, a list 

of which is provided in the Figure 2.24 Short alkylammonium cations has been found to 

allow for only corner sharing of the PbX6 octahedra, while longer cations have been found 

to result in both corner and face sharing of the PbX6 octahedra.25 Phenylethylammonium 

(PEA) and butylammonium (BA) are among the most popular choices of cation, because 

they are sufficiently short to promote only corner sharing octahedra. Notably, there is a 

lower limit to the length of the cations, as they must contain at least four carbons (longer 

than propyl ammonium) in the backbone to prohibit electronic coupling between the 

inorganic atomic layers.26-27 
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Figure 2 - Chemical structures of various alkylammonium cations that have been used in 

RP perovskites 

1.1.2 Perovskite Nanocrystals 

While bulk perovskite has proven to be a powerful material for the above listed 

applications, the focus of this study will be on perovskite nanocrystals (PNCs). PNCs 

possess many of the valuable attributes of bulk perovskite but have the additional benefit 

of being easily solution processed. This has enabled the use PNCs in a wide range of 

applications unavailable to bulk perovskite, including interfacial band engineering layer in 

photovoltaics28, fillings holes and cracks in thin film perovskite photodetectors29, boosting 

the efficiency of solar cells by down converting UV light30,  adjusting emitted light from 
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blue chip LEDs31, chemical detection32, x-ray scintillation33, hydrogen generation34, anti 

counterfeiting35, and bioimaging.36 

 

1.2 Benefits of Lead Halide Perovskite Nanocrystals 

1.2.1 Optical Properties 

The optical properties of PNCs are one of their most attractive attributes, and in 

particular, their emissive performance makes them prime candidates for next-generation 

emitters. PNCs possess a high photoluminescence quantum yield (PLQY), narrow full 

width at half maximum emission (FWHM), and highly tunable emission wavelengths.12, 37-

40 These properties enable them to cover the entire visible light spectrum with bright and 

pure light. PLQYs near unity have been reported for MAPbBr3 PNCs.38-40 As shown in 

Figure 3 a & b, the peak emission wavelength of PNCs can be tuned by altering the halide 

composition. This facile composition-based emission tuning is a unique benefit for PNCs, 

as conventional semiconductor quantum dots rely solely on quantum confinement to alter 

emission wavelengths. Figure 3c further illustrates how the absorption of PNCs can be 

altered by tuning their composition. Additionally, PNCs can be easily synthesized in 

solution at room temperature, which furthers their promise as low-cost emitters for future 

usage.41-43 
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Figure 3 - (a) photograph of CsPbX3 NCs under UV excitation (b) Photoluminescence 

spectra of CsPbX3 PNCs, and (c) Absorbance and emission spectra of CsPbX3 PNCs with 

various halide compositions (X ranging from purely Cl to Br to I)44 

1.2.2 Excellent Charge Carrier Dynamics 

Perovskite materials are also noted for their beneficial charge carrier dynamics. 

Optically excited charge carriers in perovskite materials are either freely diffused or 

excitonically bound, mainly determined by the exciton binding energy, carrier density, and 

temperature.45 The generation, transport and recombination of charge carriers depends 

significantly on the composition, crystal structure, size, and defects of perovskites.46 Free 

charge carriers move with diffusion coefficients (Dn,p) in the absence of external fields, and 

drift with mobility (μn,p) in a non-zero electric field related through the Einstein relation: 

μ𝑛,𝑝 = eD𝑛,𝑝/k𝐵T 

Equation 1 – Einstein Relation 
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where e is the absolute value of electron charge, kB is the Boltzmann constant and T is the 

temperature. Dn,p and μn,p are related to the electronic band structure of perovskite through 

the carriers’ effective mass (meff) which is correlated to spin-orbital coupling, chemical 

composition, and crystal size.45-46 The Dn,p and μn,p in perovskites have been proven to be 

modest compared with other high-quality semiconductors due to scattering by the presence 

of defects and lattice vibrations.46-49 Before recombination, charge carriers have been found 

to exhibit an average recombination life time (τ) determined by the radiative and non-

radiative recombination rates, which are correlated to the carrier density, trap density, and 

many other factors.46 τ and μn,p are correlated to the diffusion length (LD) of charger carriers 

via following equation: 

𝐿𝐷 = (
𝑘𝐵𝑇𝜇𝑛,𝑝𝜏

𝑒
)1/2 = (𝐷𝑛,𝑝𝜏)1/2 

Equation 2 – Diffusion length of charge carriers in perovskite materials 

where high μn,p and long τ proportionally increase the LD. The long LD in perovskites has 

been found to contribute to their efficient charge transport in photovoltaic applications.45 

 The charge carrier recombination dynamics of perovskites are governed by 

monomolecular, bimolecular, and Auger recombination via following rate equation:45 

−
𝑑𝑛

𝑑𝑡
= 𝑘1𝑛 + 𝑘2𝑛2 + 𝑘3𝑛3 

Equation 3 – Recombination dynamics of perovskite materials 

where k1, k2, k3 are the rate constants of monomolecular, bimolecular and Auger 

recombination, respectively, and n is the carrier concentration. These recombination 
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pathways collectively determine the τ and affect the LD.45 The monomolecular 

recombination of charge carriers, also known as trap-assisted recombination, is largely 

governed by the energy, density, and distributions of trap states, and is highly influenced 

by the purity and crystallinity of perovskites.50-52 The monomolecular recombination rate 

is proportional to the trap density within perovskites.50-51 On the other hand, the 

bimolecular recombination in perovskites is primarily determined by the electronic band 

structure, and thus the chemical composition of perovskites. Compositional engineering of 

perovskites has been shown to alter their spin-orbital coupling and electronic band 

structure, which can enable efficient spatial separation of charge carriers, extremely low 

bimolecular recombination, and long LD exceeding one micron in polycrystalline 

perovskite films.51 The last pathway of charrier recombination, Auger recombination, is 

usually dominant at high charge carrier concentration and manifests as a phase-specific 

characteristic, which is prevalent in the orthorhombic phase at low temperature and rare in 

tetragonal and cubic phases at high temperature.50 The high charge-collection efficiency 

and open-circuit voltage in perovskite-based photovoltaics has been attributed to low trap 

densities and recombination rates, and prolonged τ.53 

1.2.3 Defect Tolerance 

A particularly unique property of PNCs is their spectacular defect tolerance. In 

traditional semiconductors (i.e. CdSe, CdS, InAs, etc..), the presence of defects can 

drastically affect the material’s optoelectronic properties.54 For example, in CdSe, the 

removal/displacement of a Cd ion results in a trap state from localized nonbinding or 

weakly bonding Se orbitals.37, 55 These orbitals fall deep within the bandgap, resulting in 

traps that severely diminish the optical properties. Trap states are usually formed because 
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the bandgap is between bonding valence band and antibonding conduction band states. 

Conversely, metal halide PNCs have demonstrated higher defect tolerance than 

conventional semiconducting QDs. 56-57_ENREF_56 Their ability to retain pristine 

electronic band structure in the presence of a high concentration of defects is attributed to 

their unique electronic band structure in which bonding-antibonding interactions exist 

within their conduction and valence bands.58 Energy level splitting caused by strong spin-

orbital coupling effects favorably broadens the conduction bands and increases the 

possibility of defect states located within conduction bands (Figure 4 a & b).59 Density 

functional theory (DFT) calculations have corroborated that vacancies, interstitial atoms, 

and surface states do not induce defect states within perovskites’ bandgap.60-62 Notably, 

because of their defect-tolerant nature, PNCs possess outstanding optical properties 

without the need for surface passivation, high purity, high temperature, or equipment-

intensive vacuum synthesis, all of which are critical for conventional QDs. 

 

Figure 4 - (a) Illustration of material with band structure intolerant to defects (left) and 

ideal band structure of material with optimal defect tolerance. (b) Band structure of 

CsPbI3 perovskite59 
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1.2.4 Facile Synthesis 

Another major benefit of PNCs is their facile synthesis. PNCs are generally 

manufactured via the ligand-assisted reprecipitation (LARP) method. The LARP technique 

is the most common and most appealing because it can be conducted at ambient 

temperature and atmosphere.41-42, 59, 63 In LARP, perovskite precursors and amphiphilic 

ligands dissolved in a polar solvent (i.e. DMF or DMSO) are dropped into a vigorously 

stirred antisolvent (i.e. toluene). Upon mixing with the antisolvent, the crystals precipitate 

and the organic ligands populate the surface. (Figure 5a) These ligands ensure the colloidal 

stability of the nanocrystals in the nonpolar solvent, preventing them from precipitating 

out. Because of the ability to be produced at room temperature, PNCs have great promise 

for continuous manufacturing, which will be detailed later.64 This low temperature 

synthesis stands in stark contrast to conventional semiconductor NCs which require high 

temperature synthesis. This high temperature is needed to ensure the formation of highly 

crystalline NCs with few defects, which as stated above can drastically decrease the optical 

properties of conventional semiconductor quantum dots.37, 55 

While not necessary, PNCs can also be synthesized with the hot injection method 

(Figure 5b). In typical hot injection processes, the lead halide precursor (PbX2), ligands 

(oleylamine, oleic acid), and high temperature organic solvent (i.e. 1-octadecene) are 

heated to ~150 C, at which point a monovalent cation oleate (i.e. cesium oleate) is 

injected.65 This technique is generally only used for fully inorganic PNCs (i.e. CsPbX3) 

and not for hybrid organic inorganic varieties (i.e. FAPbX3, MAPbX3).
66 It is worth noting 

that hot injection of perovskite NCs can occur at lower temperatures (~150 C) and requires 
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significantly less growth time (~2 seconds) than that needed for conventional 

semiconductor NCs (~300 C and minutes, respectively).67 

Notably, while both LARP and hot injection of perovskite nanocrystals are 

relatively simple compared to other legacy nanomaterial synthesis procedures, they are 

both still batch processes. For PNCs to reach their potential, a move away from batch 

towards continuous production is necessary. The room temperature and ambient conditions 

synthesis of PNCs suggests that continuous synthesis can be accomplished. Later portions 

of this thesis will discuss continuous production of PNCs in much greater detail. 

 

Figure 5 - Representative illustration of necessary equipment for (a) LARP 68 and (b) hot 

injection69 PNC synthesis methods 
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1.3 Limitations of Lead Halide Perovskite Nanocrystals 

While PNCs have been demonstrated to possess significant advantages, they also 

have many potential challenges to their future widespread deployment. Of particular 

concern is lead halide perovskite’s instability to many conditions found in the ambient 

environment (i.e. moisture, heat, UV, etc.). This inherent instability becomes particularly 

problematic for perovskite nanocrystals because of their increased surface to volume 

ratio.37  The following subsections will detail these instabilities, their root causes, and also 

touch on other challenges not related to stability. 

1.3.1 Polar Solvent and Moisture Sensitivity 

PNC’s instability towards polar solvents and moisture might be the largest obstacle 

preventing their widespread use. Lead halide perovskite’s extreme sensitivity towards 

polar solvents can be traded to their ionic crystal nature and large surface energy.70 The 

relatively soft intrinsically ionic structure of PNCs differs significantly from the rigid 

covalent crystal lattices of metal chalcogenide and pnictides70. This soft ionic crystal (and 

its low crystal lattice energy) results in a high solubility for perovskite in nearly all polar 

solvents. In practice, this solubility allows for the dissolution/disintegration of perovskite 

into these solvents, which quenches any beneficial optical properties.  

1.3.2 Photo Instability 

Because most PNC devices rely on photoluminescence, the photo instability of 

PNCs stands as a particularly troubling challenge. Illumination of metal halide perovskite 

has been shown to lead to many deleterious effects71, including phase segregation72-73, 
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lattice expansion74-75, and ion migration76-77. Additionally, prolonged UV exposure has also 

been shown to sharply reduce the photoluminescent emission of PNCs. This PL quenching 

has been attributed to the loss of ligands from the surface from continuous UV irradiation78. 

This loss of surface ligands results in growth/agglomeration of PNCs and a substantial 

increase in the number of surface defects, both of which boost non-radiative recombination 

rates79-80.  Additionally, prolonged UV exposure has been shown to photo-oxidize Pb atoms 

in PNCs, thereby quenching emission81. This study observed the formation of PbCO3 and 

PbO phases on the surface of PNCs. These new oxidized phases acted as nonradiative 

recombination centers, which quenched PL properties. Clearly, for PNCs to achieve their 

potential, their photostability must be improved.    

1.3.3 Thermal Instability 

The thermal properties of metal halide perovskite differ significantly from the well-

studied perovskite oxides. Perovskite oxides are known for their numerous applications 

(including catalysis, random access memory, ferromagnets, etc.), and much of their 

properties can be attributed to their thermally-stable rigid crystal structure37. Conversely, 

metal halide perovskite possesses lower charge on their halide ions (-1 vs. -2), which results 

in a crystal lattice energy ¼ that of perovskite oxides (as calculated by the Glasser 

generalization of the Kapustinskii equation)82. This reduced crystal lattice energy manifests 

as a significant reduction in melting temperature. For example, CsPbBr3 and CsPbI3 melt 

at 570 °C83 and 460 °C84, respectively while CaTiO3 melts at 2000 °C37. This decreased 

melting point is especially significant for PNCs, because nanosized materials have been 

demonstrated to possess a depressed melting point, compared to bulk materials85.  
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1.3.4 Colloidal Instability 

Perovskite nanocrystals also suffer from relatively poor colloidal stability. Their poor 

colloidal stability has been attributed to the highly dynamic nature of the bonds between 

the PNC surface and the ligands conventionally used in synthesis (i.e. oleic acid, 

oleylamine)86. These dynamically bound ligands adsorb and desorb relatively quickly, 

which can leave surface defects or reduced solubility in organic solvents. In contrast,  

conventional semiconductor nanocrystals (CdSe, PbS, etc.) generally possess ligands that 

are either covalently attached or strongly bound87. As such, PNCs are unable to undergo 

many solution processes that are common for other semiconductor. As an example, even 

precipitating conventionally ligated PNCs with nonpolar hexane has been shown to lead to 

ligand desorption, agglomeration, and loss of photoluminescence88. Thus, for the full 

potential of their easy solution synthesis and processing to be fully realized, the colloidal 

stability of perovskite nanocrystals must be improved. 

1.3.5 Reliance on Batch Synthesis Methods 

As noted in Section 1.2.4, the synthesis of PNCs requires relatively milder conditions 

than conventional semiconductor nanocrystals (i.e. lower temperatures and ambient 

atmospheres). While these milder conditions generally make synthesis of PNCs easier than 

conventional semiconductor nanocrystals, most PNC synthesis is conducted via batch 

techniques like LARP and hot injection. These techniques yield high quality PNCs, but 

batch manufacturing has many inherent disadvantages. One of these disadvantages is the 

difficulty in scaling up batch techniques. Precisely controlling synthetic parameters like 

temperature, stirring rate, mixing, and precursor injection position are crucially important 
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to ensure consistency in the final product69. As the volume of reactors increases to 

accommodate the needs of mass production, controlling these important parameters 

becomes practically challenging. For example, maintaining a consistent temperature and 

stirring rate in lab scale reactors (~10 mL) is simple, but precise control over vats over 100 

L becomes difficult. Because these parameters cannot be accurately controlled, the 

properties of the PNCs can vary from batch to batch, which obviously is unacceptable for 

commercial applications. Batch synthesis has the additional negative of being intermittent 

in nature. Because of this, batch synthesis occurs in spurts of a finite quantity. Conversely, 

ideal industrial synthesis occurs in a continuous manner, where the production is only 

hindered by the flowrates of the solvents. Some initial exploration into manufacturing 

PNCs in continuous flow reactors has been explored89-95, but significant more study is 

needed to enable the reliable synthesis of high quality PNCs. These limitations are, frankly, 

more of an engineering problem than a question of fundamental science, but nonetheless 

they stand as an obstacle towards consistent mass production of PNCs. 

1.4 Employing Polymers to Enhance the Properties of Perovskite 

Despite recent significant advances in metal halide PNCs research, their instability 

remains a daunting issue that limits their widespread application.96 Exposure to light, 

elevated temperature, moisture, and other polar solvents can easily destroy the crystal 

structure of perovskite materials.97-98 In addition, metal halide PNCs also experience 

inevitable agglomeration when transitioning from a liquid state to solid state during 

processing for technological applications, which may lead to the reduced performance of 

as-prepared optoelectronic devices.99-100 Polymers have been widely employed to eliminate 

the issues described above by producing PNC/polymer nanocomposites.100-104 In this 
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context, polymers possess a myriad of unique advantageous attributes, such as the ability 

to chemically interact with perovskites,105 the capability of passivating the surface defects 

of PNCs,106 favorable mechanical properties,107 lightweight, solution processability,108 low 

diffusion rates of oxygen and moisture,109 high chemical resistance,110 and are often 

transparent in the visible wavelength region. In addition, conjugated polymers can facilitate 

favorable band energy level alignment,111 which facilitates charge separation at the 

PNCs/conjugated polymer interface and increases the lifetime of charge carriers.111-112 

PNC/polymer nanocomposites simultaneously bestow enhanced control over the size and 

morphology of PNCs,113 improved stability,110 decreased agglomeration of PNCs in the 

solid state,114 and efficient charge separation. In addition to the enhanced optoelectronic 

properties, devices made from these nanocomposites possess processing flexibility, 

stretchability, and self-healing properties inherited from the polymers.110, 115-116 

The large surface area to volume ratio of NCs results in high surface energies that 

promote aggregation of NCs. As noted above, capping ligands, such as small organic 

molecules and polymers, have been widely utilized in the colloidal synthesis of metal 

halide PNCs to stabilize their surface. The interaction between the small organic molecule 

capping agents and PNCs is, however, primarily through weak, noncovalent, dynamic 

bonding 70, 86 which can easily be broken by high temperature and UV irradiation. Variation 

in ion strength and solvent composition have also been found to degrade PNCs.98, 117 

Therefore, encapsulating PNCs with polymeric capping ligands (with stronger binding than 

conventional small organic molecular capping ligands) has been introduced as an 

alternative.118 Chemically anchoring polymers onto PNCs can also eliminate phase 
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separation between polymers and PNCs due to their strong chemical interactions, which 

yields starkly different samples than physical mixing. 

The above-mentioned synthetic approaches often require the addition of 

conventional small organic molecule ligands to control the uniformity of size and 

morphology of PNCs. Notably, polymerizable and polymer capping ligands bind to PNC 

surfaces through a similar mechanism as conventional small organic molecule ligands. 

Therefore, the dynamic dissociation of ligands from PNCs surfaces remains an inevitable 

challenge that limits the stability of PNCs under high humidity and temperature.119 To this 

end, in-situ synthesis of PNCs using linear polymer micelles as nanoreactors has been 

developed as an alternative approach.120 

1.4.1 Linear Block Copolymer Ligands 

Recently, the amphiphilic block copolymer polystyrene-block-poly-2-vinylpyridine 

(PS-b-P2VP) has been demonstrated to self-assemble into a reverse micelle structure in 

nonpolar solvents, with the P2VP and PS blocks as the core and shell, respectively. This 

reverse micellar structure was then utilized to craft PNCs. Perovskite precursors were 

mixed with PS-b-P2VP copolymers in nonpolar solvents, where the internal P2VP block 

efficiently bound to the metal precursors (i.e. cesium bromide and lead bromide) through 

the coordination interaction between the pyridine groups of P2VP and the metal moieties 

of precursors. This selective loading of the metal precursors into the reverse micelles was 

found to lead to nucleation and growth of CsPbBr3 NCs, as shown in Figure 6.120-

121_ENREF_113 Moreover, the outside PS blocks were demonstrated to sterically stabilize 

the metal precursors during crystal nucleation and growth, enhancing the colloidal stability 
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of CsPbBr3 NCs after the reaction, and protecting the formed CsPbBr3 NCs from moisture 

and polar solvents (e.g. methanol and ethanol).109, 120 

Because the size and morphology of the as-prepared CsPbBr3 PNCs can easily be 

controlled by tuning the size and structure of the self-assembled PS-b-P2VP micelles, no 

additional small organic molecule ligands are needed.120 This technique has also been 

found to eliminate ligand dissociation due to the covalent bond between the outer PS block 

and the inner P2VP block. Both all-inorganic (e.g. CsPbX3) and organic-inorganic hybrid 

PNCs (e.g. MAPbI3) have been synthesized using linear block copolymer nanoreactors.122-

123 

The dynamic instability of conventional linear polymeric micelles has proven to be a 

challenge in using them to craft PNCs.124 As noted above, these micelles are 

thermodynamic aggregates of multiple amphiphilic molecules above critical micelle 

concentration, so their size and shape depend heavily on temperature, solvent properties, 

solution concentration, pH, and other experimental conditions.125-127 Even small variations 

in those parameters during PNCs synthesis can result in the dissociation of micellar 

structure, which leads to poor control over PNC size and morphology. Moreover, 

nanocomposites prepared from this approach often encapsulate multiple PNCs within one 

polymer micelle, which may be deleterious for biomedical applications where cellular 

uptake is more feasible for smaller NCs, or in optoelectronic devices that require uniform 

NCs dispersion.128-129 
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Figure 6 - Synthetic strategy for perovskite NCs using linear amphiphilic block 

copolymer micelles as nanoreactors.120 

1.4.2 Polymer Nanoreactors 

Recently, an unconventional strategy for crafting PNCs that capitalizes on 

unimolecular star-shaped block copolymer micelle nanoreactors has been developed.113, 

130-132 The amphiphilic multiarm block copolymer poly(acrylic acid)-block-polystyrene 

(PAA-b-PS) was synthesized by sequential ATRP, with the hydrophilic PAA block in the 

core and the hydrophobic PS block as the shell. The unimolecular nature of the 

nanoreactors endow them with enhanced spherical micellar structural stability than 

conventional self-assembled linear block copolymers (Figure 7a). Perovskite precursors 

have been found to selectively bind to the inner PAA blocks of the star-shaped copolymers 

via strong coordination with the carboxylic groups of the PAA blocks. The loaded 

perovskite metal precursors can then easily form covalently ligated PNCs within the 

nanoreactor via a facile and rapid coprecipitation reaction (Figure 7b). Because the PNCs 

are confined within the micelles, their size and size distribution can be precisely tuned by 

controlling the molecular weight and polydispersity of each block of the nanoreactor, 
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which is easily achieved during ATRP of the monomers (i.e. tert-butyl acrylate and 

styrene). Because the outer PS blocks are covalently connected to the inner PAA blocks, 

they are permanently capped on the surface of PNCs which prevents aggregation and 

endows the PNCs with remarkable stability, which will be discussed in the following 

section. 

Enhanced protection of the final PNCs can be achieved by further functionalization 

and engineering of the star-shaped block copolymer nanoreactors. The addition of a small 

amount of divinylbenzene as a cross-linker during the ATRP reaction of styrene has been 

found to yield partially cross-linked PS that forms a denser protective layer on the surface 

of CsPbBr3 PNCs.130 In addition to diblock star-shaped amphiphilic copolymer 

nanoreactors, multiarm star-shaped triblock copolymers, namely poly(4-vinylpyridine)-

block-poly(acrylic acid)-block-polystyrene (P4VP-b-PAA-b-PS), have been synthesized to 

craft PAA-b-PS-ligated PNCs (i.e. MAPbBr3 NCs) via similar techniques and mechanisms 

as noted above (Figure 7c).131 A passivating SiO2 shell was then formed around MAPbBr3 

NCs via the in-situ hydrolysis of tetramethyl orthosilicate in the compartment occupied by 

the outer PAA blocks (Figure 7d). Water soluble poly(ethylene oxide)-ligated (PEO-

ligated) dual-shelled MAPbBr3 NCs were also formed by the substitution of hydrophobic 

PS to hydrophilic PEO through a click reaction.131 Hollow perovskite NCs with PS chains 

covalently tethered to their surface were crafted by tailoring the composition of multiarm 

star-shaped triblock copolymer from P4VP-b-PAA-b-PS to PS-b-PAA-b-PS.132 
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Figure 7 - a) Stepwise representation of crafting “hairy” all‐inorganic perovskite 

CsPbBr3 QDs with intimately and permanently capped by PS chains via capitalizing on 

amphiphilic star‐like PAA‐b‐PS diblock copolymers as nanoreactors. b) TEM image of 

PS‐capped CsPbBr3 QDs with diameter= 10.1±0.6 nm.113 c) Stepwise representation of 

the synthetic route to PS-capped MAPbBr3/SiO2 core/shell NCs and PEO-capped 

MAPbBr3/SiO2 core/shell NCs by exploiting star-like P4VP-b-PtBA-b-PS and P4VP-b-

PtBA-b-PEO as nanoreactors, respectively. d) TEM images of PEO-capped 

MAPbBr3/SiO2 core/shell NCs with MAPbBr3 core diameter of 6.1 ± 0.3 nm and SiO2 

shell thickness of 8.9 ± 0.4 nm (top), and MAPbBr3 core diameter of 6.8 ± 0.3 nm and 

SiO2 shell thickness of 8.0 ± 0.3 nm (bottom).131 
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1.5 Conclusion 

This chapter has illustrated the benefits and challenges of perovskite nanomaterials. 

Though lead halide perovskite has recently been identified for its tremendous 

optoelectronic properties, its inability to maintain performance in standard ambient 

operating conditions severely hinders any real-world applications. For perovskite to 

reach its immense potential outside of the laboratory, its various instabilities (i.e. photo, 

thermal, colloidal, moisture) must first be remedied. Integrating polymers and organic 

molecules with perovskite has emerged as one promising strategy to increase relevant 

stabilities. Specifically, the use of block copolymer templates and the synthesis of 

organic/inorganic hybrid Ruddlesden-Popper perovskite has been found to increase the 

stability of PNCs. These techniques take advantage of the hydrophobicity of organic 

molecules, which can prevent diffusion of moisture to the delicate perovskite crystal. 

Additionally, this chapter noted the advantages and disadvantages of common 

synthetic routs of PNCs. Most reported PNCs are synthesized via batch techniques like 

hot injection and LARP. Though PNCs require less stringent conditions than 

conventional semiconductor nanocrystal synthesis (lower reaction temperature, better 

oxygen tolerance, etc.), the batch nature of both LARP and hot injection is undesirable 

for commercial applications. Batch processes are harder to scale up due to practical 

concerns of dealing with large volumes and inherently will possess high variability 

batch to batch. Because scaling up is critical for commercialization of PNCs, a 

transition away from simple batch techniques towards continuous production methods 

is urgently needed. Therefore, this dissertation explores room temperature continuous 
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production methods by constructing a continuous flow reactor based on the LARP 

technique. 
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CHAPTER 2. MOTIVATION AND RESEARCH GOAL 

2.1 Motivation 

As discussed in detail above, PNCs possess many properties that could be of great value 

to numerous optoelectronic applications. The usage of PNCs as next generation emitters 

stands as a particularly appealing option, due to their outstanding optical properties and 

room temperature synthesis. Unfortunately, this potential cannot be realized until the 

environmental stability of PNCs is improved, and their synthetic techniques extend beyond 

lab-scale batch techniques. Herein, the central motivation for this study is to move PNCs 

towards widespread usage by improving the production rate and stability of both 3D and 

2D PNCs. 

Moving beyond batch synthesis is critical for future broad applications of PNCs. 

Synthesis of PNCs via flow reactors are promising for continuous production because, 

unlike batch synthesis, they are predicated on the constant flowrate of solutions to spur the 

desired reaction. PNCs are uniquely positioned for flow reactor manufacturing because 

they can be synthesized at room temperature. A modified LARP technique can be used, 

where the precursor solution and antisolvent meet in the reactor tube, and their mixing is 

accomplished by fluid dynamics between the antisolvent and precursor solution. While 

facile in theory, the effect of many parameters (i.e. solvent flowrates, precursor 

concentrations, solvent compositions) on the performance of PNCs is unknown. Study of 

the effects of these parameters is critical. To be a competitive synthesis method, the 

reaction conditions need to be optimized, and the resultant PNCs must have performance 

comparable to that from legacy batch techniques. 
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Improving the environmental stability of PNCs stands as another major barrier to their 

widespread application. As discussed in Section 1.4, the integration of PNCs with various 

polymers has proven to effectively boost stability. Specifically, the use of nonlinear block 

copolymer templates has been demonstrated to be an effective method of synthesizing 

highly stable PNCs88, 133. These studies have, however, been restricted to batch synthesis 

of PNCs. Combining the benefits of polymer integration with the benefits of flow reactors 

to continuously  craft highly stable PNCs is an area that is rich for further study. By 

exploring this field, two obstacles (poor stability and batch production) for widespread 

PNC application can be remedied simultaneously. This represents a crucial step forward 

towards more practical PNC materials. 

While the polymer nanoreactor described above has been shown to increase PNC 

stability, other methods of increasing PNC stability are also urgently needed. Ruddlesden-

Popper perovskite, with its ionically bound amphiphilic cations, generally possesses a 

relatively higher environmental stability than that of ABX3, but persistent moisture remains 

a serious concern. Functionalizing the normally fully saturated alkylammonium cations 

represents and exciting strategy to further boost the stabilities of RP PNCs. By starting with 

alkylammonium cations that possess unsaturated outermost bonds, a variety of end groups 

can be incorporated. In-situ growing/crosslinking organic molecular shells around RP 

PNCs via thiol-ene chemistry is one opportunity. Once cross linked, the hydrophobic 

organic shell will inhibit diffusion of moisture int the inner ionic crystal, which should 

prevent degradation. Additionally, engineering unique alkylammonium cations before 

NPL synthesis represents another strategy. By starting with the same unsaturated 

alkylammonium cations, cations with various functionalities can be synthesized ex-situ, 
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and then used to craft RP perovskite NPLs. Perfluorinated alkylammonium cations are a 

particularly enticing candidate due to their well-documented super hydrophobicity. 

Theoretically, however, many other functionalities could be adopted, including stimuli 

responsive varieties. 

Therefore, the overall goal of this dissertation is to move perovskite nanocrystals 

towards commercial viability by increasing their stability and production rate via utilizing 

innovative organic synthesis and continuous flow reactors. 

2.2 Research Objectives 

(1) Continuous synthesis of highly-stable colloidal three-dimensional perovskite 

nanocrystals by incorporating β-CD derived unimolecular micelle templates into a 

flow reactor 

(2) Continuous synthesis of stable organic/inorganic two-dimensional Ruddlesden-

Popper perovskite nanoplatelets via a flow reactor 

(3) Enhancement of stability and functionality of two-dimensional Ruddlesden-Popper 

perovskite via engineering of the bulky alkylammonium cation 
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CHAPTER 3. CONTINUOUS PRODUCTION OF HIGHLY 

STABLE PEROVSKITE NANOCRYSTALS VIA A DUAL 

REACTOR APPROACH 

Biesold, G. M., Liang, S., Wagner, B. K., Kang, Z., & Lin, Z. (2022). ACS Applied 

Nanomaterials, (under review) 

3.1 Introduction 

Metal halide perovskite, with the general structure ABX3, has recently been 

recognized for its tremendous potential in optoelectronic applications, including LEDs134-

135, photodetectors13, 136, scintillators137-138, solar cells139-141, etc. Lead halide perovskite 

nanocrystals (PNCs) have been demonstrated to possess an array of intriguing optical 

properties142, including a high photoluminescence quantum yield (PLQY)143-145, narrow 

full width at half max of emission (FWHM)37, 146, widely tunable emission wavelength137, 

147, and high defect tolerance58, 148. Additionally, PNCs can be synthesized at room 

temperature under ambient conditions41-42, 149, which stands in stark contrast to the air-free 

and high temperature synthesis conditions needed for conventional semiconductor 

quantum dots (i.e. CdSe150, PbSe151, CdTe152). Despite these encouraging properties, their 

widespread use remains hindered by their poor overall stability and their reliance on batch 

processing techniques. In particular, PNCs demonstrate poor moisture153, thermal154, and 

UV155 stabilities. PNCs also often suffer from poor colloidal stability due to the dynamic 

bonding nature of conventional ligands (usually oleic acid and oleylamine)86. Additionally, 

PNCs are most often synthesized through batch techniques (e.g. hot injection65 and ligand 

assisted reprecipitation (LARP)42, 156), and while these methods produce high-quality 

PNCs, a shift towards continuous manufacturing is needed to realize their commercial 

potential. 
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Numerous methods have been used to increase the stability of PNCs, including 

incorporation of PNCs in silica59, alumina157, zinc stearate158. Integrating PNCs with a 

variety of polymer matrixes has also been demonstrated to improve stability159. One of the 

most promising techniques to synthesize highly stable colloidal PNCs is to capitalize on 

amphiphilic star-like block copolymers as templates160-162. These nanoreactors are 

comprised of inner poly(acrylic acid) (PAA) and outer polystyrene (PS) blocks. The inner 

PAA blocks can coordinate with perovskite precursors to template nanocrystal growth, 

while the outer PS blocks enable solubility in organic solvents. Notably, these PS chains 

are permanently ligated to the surface of the nanocrystals via their covalent bonded with 

the inner PAA blocks163. The permanence of these ligated chains imparts better colloidal 

stability than that is afforded by the dynamically bound ligands in conventional colloidal 

synthesis164. 

To promote perovskite nanomaterials towards commercialization, progress beyond 

batch synthesis is highly desirable. Some pioneering works have developed continuous 

manufacturing techniques. CsPbX3
165-166  and FAPbX3

167 PNCs have been synthesized 

using microfluidic flow systems, where precursor solutions were mixed in droplets 

dispersed in an inert oil medium. Cs4PbBr6 PNCs with excellent optical properties were 

synthesized using an apparatus consisting of concentric rotating cylinders that resulted in 

Couette-Taylor flow168. MAPbX3 PNCs have also been synthesized using conventional 

flow reactors92, 169. In a previous work, we developed a flow reactor system to synthesize 

high PLQY 2D (PEA)2PbX4 (PEA=phenylethylammonium, X= Br, I) Ruddlesden-Popper 

perovskite nanoplatelets89. Notably, while all these continuous production methods can 

manufacture high-quality PNCs, the final products still suffer from perovskite’s 
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characteristic poor environmental stabilities. Thus, the continuous production of stable 

PNCs remains an urgent need, and the integration of novel star-like block copolymer 

nanoreactors into flow reactors offers an exciting solution to this end. 

Herein, we demonstrate the continuous synthesis of highly stable PNCs by incorporating 

amphiphilic star-like block copolymer nanoreactors into a continuous flow reactor. Such 

amphiphilic star-shaped block copolymers are first synthesized by sequential atom transfer 

radical polymerization (ATRP) of brominated β-cyclodextrin macroinitiators. These 

nanoreactors are then loaded with perovskite precursors and introduced into a house-built 

flow reactor. The synthesis of PNCs was then optimized by first surveying the ideal 

antisolvent for high quality PNC formation. The injection flowrate of that antisolvent 

(Qantisolvent) was then optimized at a fixed precursor solution injection rate (Qprecursor). 

Subsequently, an ideal Qprecursor was determined by varying Qprecursor with Qantisolvent held 

constant. Finally, the optical properties, morphology, and stabilities of the templated PNCs 

were compared to continuously-produced PNCs synthesized from conventional oleic acid 

and oleylamine (OA/OAm) ligands. Notably, the templated PNCs displayed a similar 

PLQY to and significantly enhanced colloidal, UV, and thermal stabilities over the control 

OA/OAm-co-capped PNCs. 
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3.2 Experimental Details 

3.2.1 Materials 

Toluene (ACS, VWR), dichloromethane (ACS, VWR), chlorobenzene (ACS, Beantown 

Chemical), chloroform (ACS, VWR), hexane (ACS, VWR), anhydrous 

dimethylformamide (DMF, Millipore), lead bromide (99.99%, TCI), cesium bromide 

(99.9%, STREM Chemicals), oleic acid (90%, Alfa Aesar), oleylamine (Technical grade, 

Sigma Aldrich), dichloromethane (>99.5%), α-bromoisobutyryl bromide (BiBB, 98%), 

anisole (99%), 2-butanone (99.0%), anhydrous dimethylformamide (DMF, >99.8%) 

anhydrous 1-methyl-2-pyrrolidinone (NMP, 99.5%), N,N,N’,N’,N’’-

pentamethyldiethylene triamine (PMDETA, 99%), trifluoroacetic acid (TFA, 99.9%), 

aluminum oxide powder (activated, neutral, ~325 mesh), tetrahydrofuran (THF, 99.0%), 

acetone (99.5%), deuterated chloroform (CDCl3, 99.96%), and deuterated 

dimethylformamide (DMF-d7, 99.5%) were purchased from Sigma-Aldrich and used as 

received. 

Before bromination the β-cyclodextrin (β-CD, >97.0%, Sigma-Aldrich) were dried under 

vacuum for 48 hours at 60℃ and azeotropically distillated in toluene for 2 hr at 120℃. 

Copper (I) bromide (CuBr, 98%, Sigma-Aldrich) was stirred in acetic acid for 2 hr, filtered, 

washed with ethanol and diethyl ether, and dried in vacuum at room temperature overnight. 

Styrene (St, 99.9%, Sigma-Aldrich), tert-butyl acrylate (tBA, 98%, Sigma-Aldrich) were 

distilled over CaH2 under reduced pressure prior to use. 
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3.2.2 Methods 

Synthesis of Heptakis[2,4,6-tri-O-(2-bromo-2-methylpropionyl]-β-cyclodextrin (i.e., Br-

β-CD macroinitiator): Purified β-CD (2.5 mmol) was first dissolved in 40 ml anhydrous 

NMP at 0℃.  BiBB (105 mmol) was then added dropwise to the β-CD NMP solution and 

stirred for 1 hr. The reaction solution was then stirred at room temperature for an additional 

24 hr to ensure completion. Next, the solution was diluted with 100 ml dichloromethane 

and washed with saturated NaHCO3 aqueous solution and deionized water for at least three 

times, respectively. The product was recovered from the solution via rotary evaporation. 

The product was then re-dissolved in acetone, and the Br-β-CD acetone solution was added 

into water for crystallization to remove impurities. The precipitant was then dissolved in 

dichloromethane, dried with anhydrous MgSO4, and filtered. All solvents were then 

removed via rotary evaporation to yield the final solid product. 

 

Synthesis of hydrophobic star-like poly(tert-butyl acrylate) (star-like PtBA): The Br-β-

CD was then used as a macroinitiator for atom transfer radical polymerization (ATRP) of 

tBA. Specifically, Br-β-CD, CuBr, PMDETA, 2-butanone, purified tBA (in the molar 

ratio= 1:1:1.5:1500:1500) were mixed in an ampoule, degassed by three freeze-pump-thaw 

cycles in liquid nitrogen, and placed in oil bath preheated at 60℃ for a desired time. The 

polymerization was stopped by quenching in liquid nitrogen and exposure to ambient air. 

The reaction solution was then diluted with acetone, passed through a neutral activated 

aluminum oxide column to remove the copper catalyst, and precipitated with a 
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methanol/water (volume ratio= 1:1) mixture to obtain the final product. The completed 

star-like PtBA was then dried in a vacuum at room temperature for 48 hr. 

 

Synthesis of hydrophobic star-like poly(tert-butyl acrylate)-block-polystyrene (star-like 

PtBA-b-PS): The star-like PtBA was then used as a macroinitiator to grow PS via ATRP. 

Star-like PtBA, CuBr, PMDETA, St and anisole (molar ratio=1:1:1.5:1200:2000) were 

mixed in an ampoule, degassed by three freeze-pump-thaw cycles in liquid nitrogen, and 

polymerized at 90℃ for specific period of time. Afterwards, the reaction was quenched by 

immersing in liquid nitrogen and exposing to ambient air. The reaction solution was then 

diluted with THF, and passed through a neutral, activated aluminum oxide column to 

remove the copper catalyst. Subsequently, the final product was purified by precipitation 

with cold methanol and dried at 40℃ under vacuum for 48 hours. 

 

Synthesis of amphiphilic star-like poly(acrylic acid)-block-polystyrene (Star-like PAA-b-

PS): To convert the PtBA to PAA, 200 mg star-like PtBA-b-PS diblock copolymers were 

added into 100 ml anhydrous dichloromethane and 2 ml TFA. The solution was then stirred 

for 24 hr at room temperature to ensure the hydrolysis of the PtBA. After hydrolysis, rotary 

evaporation was used to remove excess TFA, and a white-powder like product was 

obtained. This powder was then re-dissolved in DMF, precipitated with cold methanol, 

filtered, and dried at room temperature in vacuum overnight. 

 



33 

 

Construction of flow reactor 

To create the flow reactor, 1.6 mm inner diameter PTFE tubing (from SCAT Europe) was 

cut to the 15cm. It was then fitted onto one end of a polypropylene/polyethylene tapered Y 

connector (VWR). Two pieces of PTFE tubing with one end adapted to female Luer Lock 

fitting (Hamilton Company) were then attached to the other two ends of the tapered 

connector. The female Luer Lock fittings allowed for facile connection to the syringes that 

contained the precursor (10mL BD) and crystallization (50mL Chemglass borosilicate) 

solvents, which were dispersed by the Single Syringe Pump (Fisherbrand). A schematic 

diagram of the flow reactor can be seen in Figure S1. 

 

The same precursor solutions were used for all trials. The templated precursor solution was 

created by dissolving 10mg PAA-b-PS nanoreactor, 0.1mmol CsBr (20mg), and 0.1mmol 

PbBr2 (36mg) in 20mL DMF. The control precursor solution was created by dissolving 

0.1mmol CsBr (20mg), and 0.1mmol PbBr2 (36mg), 0.5mL oleic acid, and 50 µL 

oleylamine in 20mL DMF. 

 

Both control and templated PNCs were synthesized by loading the syringes with the 

solvents and flowing each at the desired rate. The completed PNCs were collected from the 

end of the reactor tube. The resulting CsPbBr3 PNCs were then purified by centrifugation 

at 13k RPM for 10 minutes. The supernatant was collected, while any aggregates that had 

precipitated were discarded. 
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Calculation of Reynolds Number: The Reynolds number (Re) for all flowrates calculated 

using the equation below. 

𝑅𝑒 =
𝜌𝑄𝐷

µ𝐴
 

Equation 4 – Reynolds number calculation 

ρ = Density of fluid [kg/m3] 

Q = Flowrate [m3/s] 

D = Inner diameter of tube [m] 

µ = Dynamic viscosity of liquid [Pa*s] 

A = Cross sectional area of tube [m2]
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Constants: 

ρ = 867 kg/m3 

D = 0.0016 m 

µ = 5.83E-4 Pa s 

A = π (D/2)2 = π (0.0008)2 = 2.01E-6 m2 

 

Conversion of Variable Flowrates: 

Q = 5060 mL/hr = 1.41E-6 m3/s  

Q = 4060 mL/hr = 1.13E-6 m3/s 

Q =3060 mL/hr = 8.50E-7 m3/s 

Q =2060 mL/hr = 5.72E-7 m3/s 

Q =1060 mL/hr = 2.94E-7 m3/s 

 

As an example, Re for total flowrate of 5060 mL/hr is given as follows: 

Re = (870 kg/m3)( 1.41E-6 m3/s)( 0.0016 m)/( 5.60E-4 Pa*s)( 2.01E-6 m2) = 1662 
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Table 1 – Reynolds number corresponding to each flowrate in flow reactor 

 

Total Flow (Qprecursor+Qtol) (mL/hr) 

 

Re 

5060 1662 

4060 1334 

3060 1005 

2060 677 

1060 348 
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Calculation of radius of gyration of PAA block 

< 𝑅𝑔2 > =
𝑁𝑏2

6
(

3−
2

𝑓

𝑓
)   

Equation 5 - Calculation of radius of gyration of PAA block170    

   

N is degree of polymerization of star-like PAA calculated from Mn  f is the number of arms. 

b is Kuhn length (0.69nm for PAA).171  

 

𝑁 =
273,000

𝑔
𝑚𝑜𝑙

72.06
𝑔

𝑚𝑜𝑙

= 3788 

 

< 𝑅𝑔2 > =
3788 ∗ (0.69𝑛𝑚)2

6
∗

3 −
2

21
21

 

 

< 𝑅𝑔 > = 6.45 𝑛𝑚 

 

  D  = 12.9 nm 
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Calculation of yield of (mass/time) of the dual-reactor system 

          The amount of synthesized CsPbBr3 PNCs is calculated by determining the volume 

of all PNCs synthesized within the nanoreactor and then converting to mass using the 

density of CsPbBr3. An explanation of each value is given below. 

0.010𝑔 ∗
𝑚𝑜𝑙

651,000𝑔
∗

1

20𝑚𝐿
∗

60𝑚𝐿

ℎ𝑟
∗

6.02∗1023

𝑚𝑜𝑙
∗

4

3
𝜋(6.4 ∗ 10−9𝑚)3 ∗ (

4.55𝑔

𝑐𝑚3 ) ∗ (
100𝑐𝑚

𝑚
)

3

=

 0.139 g/hr 

Equation 6 – Calculation of yield of combined flow/nanoreactor 

Mass of nanoreactor added / molar mass of PAA-b-PS nanoreactor / added volume of DMF 

* antisolvent flowrate * Avogadro’s number * expected volume of each CsPbBr3 PNC * 

density of CsPbBr3 * unit conversion = expected yield 

Note: Density of CsPbBr3 is reported as 4.42 g/cm3. 172 

 

Characterization 

The molecular weights and polydispersity indexes of polymers were measured by gel 

permeation chromatography (GPC) equipped with a G1362A refractive detector and a 

G1314A variable wavelength detector, one 5 μm LP gel column (500 Å, molecular range: 

500~2×104 g/mol) and one 5 μm LP gel mixed bed column (molecular range: 200~3×106 

g/mol), and THF as mobile phase with a rate of 1.0 ml/min at 35℃. The GPC was 
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calibrated with monodisperse linear PS as standard. 1H-NMR were measured using Varian 

mercury 400 nuclear magnetic resonance spectroscopy with either CDCl3 or DMF-d7 as 

solvent. 

The photoluminescence (PL) spectra of the CsPbBr3 PNCs was obtained by a PerkinElmer 

LS 55 fluorescence spectrometer with a 365nm excitation light. The absolute 

photoluminescence quantum yield (PLQY) was measured with a Hamamatsu Quantaurus 

QY Plus with an excitation wavelength of 365 nm. The absorbance of the PNCs from 800-

300 nm was examined with a Shimadzu UV-2600.   The morphologies of the PNCs were 

investigated with a JEOL CX-II transmission electron microscope (TEM) operated at 100 

keV. 

3.3 Results and Discussion 

As noted above, the use of amphiphilic star-like block copolymer nanoreactors is 

key to achieving highly stable PNCs. The nanoreactors were synthesized using methods 

from previous literature160-161, 173, and detailed procedures to synthesize the star-like block 

copolymers are available in the Section 5.2. Figure 8 depicts the route to PNCs by 

capitalizing on amphiphilic star-like block copolymer as nanoreactor. First, ATRP 

macroinitiators were synthesized by brominating β-cyclodextrin (β-CD) with α-

bromoisobutyryl bromide (BiBB). Because β-CD possesses seven glucose subunits (and 

each of those has 3 OH groups), the final brominated β-CD will have 21 bromine terminals 

for ATRP initiation. Blocks of poly(tert-butyl acrylate) (PtBA) were then grown via ATRP 

(upper third panel; Figure 8). Once the PtBA blocks were grafted, polystyrene (PS) blocks 

were subsequently grown from the inner PtBA blocks (upper right panel; Figure 8). 
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Afterwards, the inner PtBA was hydrolyzed to form poly(acrylic acid) (PAA) (lower right 

panel; Figure 8). This step is necessary as PAA cannot be directly synthesized via ATRP 

because the carboxyl groups in PAA coordinate too strongly with the necessary copper 

catalyst, preventing any significant chain growth174. The carboxyl groups on the inner PAA 

blocks have also been demonstrated to coordinate with metal moieties in nanocrystal 

precursors160-161, 164, 174-175, which enables facile NC formation within the compartment 

occupied by PAA blocks of star-like PAA-b-PS block copolymer as nanoreactor. Proton 

nuclear magnetic resonance (1H-NMR) spectra of each step of the process are shown in 

Figure 9 a-d. Characteristic peaks are visible for each new functionality at each step in the 

process: in b tBA peak is visible at 1.5ppm, in c styrene peaks are present at 6.3 to 7.3 ppm, 

and in d the creation of PAA is represented by the removal of the tBA peak at 1.5ppm and 

the present of hydroxy peaks at 12ppm. Gel permeation chromatography (GPC) traces in 

Figure 10 further suggest successful synthesis as the polymer has been confirmed to 

increase in size. The complete 21 arm star-like polymer nanoreactors were then dissolved 

in DMF with perovskite precursors (i.e., PbBr2 and CsBr) and stirred to allow for 

coordination of the precursors with the carboxylic acid groups in the PAA. Once loaded, 

PNCs can easily be produced (i.e., PS-capped PNC; lower left panel, Figure 8) by adding 

the nanoreactor/perovskite precursor solution (i.e., perovskite precursors-loaded 

nanoreactor; lower central panel, Figure 8) into a nonpolar antisolvent (e.g. toluene), 

spurring crystallization in a modified ligand-assisted reprecipitation (LARP) technique. 
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Figure 8 - Stepwise representation of route to star-like PAA-b-PS diblock copolymer 

nanoreactor and the resulting PS-capped CsPbBr3 nanocrystal. 
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Figure 9 - NMR spectra from (a) brominated β-CD, (b) star-like PtBA, (c) star-like 

PtBA-b-PS, and (d) star-like PAA-b-PS. 
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Figure 10 - GPC traces for star-like PtBA and PtBA-b-PS. 

A variety of solvents were explored to determine the ideal antisolvent for PNC 

synthesis (i.e., CsPbBr3). Using a modified LARP technique (noted above), 50 µL 

preloaded nanoreactor solution was dropped into 10 mL vigorously stirring toluene, 

chlorobenzene, dichloromethane, chloroform, and hexane. The optical properties of the 

CsPbBr3 PNCs yielded from this technique were then compared, as seen in Table 2. Using 

toluene as an antisolvent resulted in PNCs with the highest PLQY, followed by 

chlorobenzene and chloroform/dichloromethane. Using hexane as an antisolvent did not 

yield PNCs with any detectable emission. The vastly different properties from each 

antisolvent can be attributed to the polarity of solvent and interaction the outer PS ligands. 

The ionic crystal nature of perovskite renders them susceptible to be degraded in the 

presence of polar solvents176, leading to the observed drop in PLQY with increasing 

polarity of solvents (from toluene (9.9) to chlorobenzene (18.8) to dichloromethane 

(30.9)/chloroform (25.9))177. The lack of photoluminescent performance from PNCs made 
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with hexane can be ascribed to the fact that PS is insoluble in hexane178. For the covalently-

bonded outermost polymer block to be effective as permanent ligands, a favorable 

interaction with the solvent is necessary. As PS is not soluble in hexane, no colloidal 

nanoparticles could form, only aggregates of perovskite precursors. This small scale 

exploration verified that toluene is the best solvent to employ going forward in the flow 

reactor for continuous synthesis. 

Table 2 - Optical properties of CsPbBr3 PNCs synthesized via conventional LARP using 

various antisolvents. 

Solvent Solvent Polarity PLQY (%) Emission Peak (nm) 

Toluene 9.9 51.3 507 

Chlorobenzene 18.8 9.4 502 

Dichloromethane 30.9 0.5 515 

Chloroform 25.9 0.5 507 

Hexane 0.9 0 - 

 

To enable continuous production of CsPbBr3 PNCs, a house-built flow reactor was 

constructed, as was reported in our previous work89. A diagram of the flow reactor is 

depicted in Figure 11. It consists of two syringe pumps, with Luer lock PTFE tubing 

connected to the ends of the syringes (one for the precursor solution and another for the 

antisolvent), and a Y-connector that facilitates mixing of the two solutions. The operating 
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principal of this flow reactor is similar to that of LARP, yet instead of a magnetic stir bar, 

the mixing is accomplished by the flow dynamics at the Y-connector. 

 

Figure 11 - Schematic diagram of dual flow/nano reactor apparatus. 

After toluene was selected as the preferred antisolvent, the toluene flowrate (Qtol) 

for both nanoreactor-enabled PNCs (i.e., PS-capped CsPbBr3) and conventional ligand-

assisted PNCs (i.e., OA/OAm-co-capped CsPbBr3 as control sample; see Experimental 

Section in Supporting Information) was optimized by varying Qtol and holding Qprecursor at 

a constant 60mL/hr. For both types of CsPbBr3 PNCs, a monotonic increase in PLQY was 

seen Qtol increased from 1000 to 5000 mL/hr (Figure 12a). This increased PLQY can 

probably be attributed to the enhanced mixing of the precursors and antisolvent that occurs 

at higher flowrates of toluene. The rising flowrates result in an increase in the 

corresponding Reynolds number from 394 (for Qtol = 1000 mL/hr) to 1662 (for Qtol = 5000 

mL/hr). The complete calculation of Reynolds number is shown in Equation 4 and Table 

1. The transition from laminar Poiseuille flow to turbulent flow in circular tubes is 

generally accepted to occur at a critical Reynolds number between 1,800 and 2,300179-180. 
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While the Reynolds number at the max flowrate still falls within the laminar flow range 

(Re = 1,662 < 1,800), the increasing flow has thus been found to promote better mixing181. 

It is notable that the conventionally-ligated PNCs (i.e., OA/OAm-co-capped CsPbBr3) 

display a higher average PLQY than those synthesized with the nanoreactor. This is likely 

due to presence of the PAA blocks inside the template-grown PNCs.161 While these PAA 

chains are necessary for the formation of PNCs within the nanoreactor (due to their 

coordination with perovskite precursors), their presence could also introduce defects into 

the crystal structure, thus hindering PLQY161. The emission peak position of PS-capped 

PNCs was unaffected by Qtol, whereas the OA/OAm-co-capped PNCs showed a general 

trend of decreasing peak position with increasing Qtol (Figure 12b). The constant emission 

peak of PS-capped PNCs can be attributed to the good size control that the star-like PAA-

b-PS nanoreactors enable. Because only the PAA blocks coordinate with the perovskite 

precursors, the size of the PNC is dictated by the length of the inner PAA blocks. The 

constant emission wavelength of PS-capped PNCs stands in contrast to conventional 

OA/OAm-co-capped PNCs, which show a general increase in emission peak position as 

Qtol decreased. This red-shifted emission of OA/OAm-co-capped PNCs could be ascribed 

to an increase of defects in PNCs synthesized at lower flowrates. As discussed above, 

higher flowrates promote better mixing181, thus yielding more crystalline PNCs which lack 

defects that are known to promote red-shifting of emission182-183. We note that OA/OAm-

co-capped PNCs made at Qtol=1000 mL/hr do not match the trend seen for Qtol=2000 

though 5000 mL/hr. This difference may be due to the extremely low mixing that occurs 

at Qtol=1000 mL/hr (Re=394). 
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Figure 12 - (a) Effect of Qtoluene on PLQY and (b) emission peak position of PS-capped 

CsPbBr3 PNCs via capitalizing on star-like PAA-b-PS as nanoreactor and OA/OAm-co-

capped CsPbBr3 PNCs (control sample). 
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Following the highest Qtol determined to be the most beneficial, we optimized 

Qprecursor. To this end, Qprecursor was varied from 10 to 60 mL/hr, while keeping Qtol constant 

at 5000 mL/hr. Varying Qprecursor exerted little effect on the PLQY of either PS-capped or 

OA/OAm-co-capped CsPbBr3 PNCs (Figure 13a). A relatively stable PLQY near 60% was 

evidenced for both template-grown and control PNCs, signifying that altering the precursor 

to antisolvent ratio has little impact on the crystal quality. The emission peak position of 

PS-capped PNCs was constant at all tested Qprecursor, yet the emission peak of OA/OAm-

co-capped PNCs was seen to increase with increasing Qprecursor (Figure 13b). This is likely 

due to the increasing precursor to antisolvent ratio, which favors larger PNCs, leading to 

less quantum-confinement. The full width of half maximum (FWHM) of the template-

grown and control PNCs was relatively unaffected by altering Qprecursor (Figure 13c). This 

suggests that the crystal quality of the PNCs was also unaffected, which is consistent with 

the stable PLQY observed. 
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Figure 13 - Effect of Qprecursor on (a) PLQY, (b) emission peak position, and (c) FWHM 

of PS-capped CsPbBr3 PNCs and OA/OAm-co-capped CsPbBr3 PNCs (control sample), 

where Qtol was held constant at the optimized 5000 mL/hr. 
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With the optimized conditions (i.e., Qtol=5000 mL/hr and Qprecursor=60 mL/hr to 

maximize production) for continuous production of PNCs identified, they were used to 

synthesize CsPbBr3 PNCs for further characterization and stability testing. TEM images 

show that the PS-capped PNCs possessed an average diameter of 13.5nm (Figure 14a, 

Figure 15a), in good agreement with the calculated diameter using the equation developed 

in our prior work (Equation 5; the calculated radius of gyration Rg of star-like PAA blocks 

is 12.9 nm)170. It is notable  that past studies using the nanoreactor have shown that the 

equation often underestimates the size of the formed nanocrystals161. Notably, PS-capped 

PNCs formed by via the nanoreactor strategy are significantly smaller on average (13.5nm) 

than those formed with conventional OA and OAm ligands (22nm) (Figure 14b, Figure 

15b), even though the amount of perovskite precursors and other experimental methods are 

identical. This manifests that the star-like PAA-b-PS nanoreactor restricts growth of PNC 

below that which may otherwise be favored. A control experiment was also conducted in 

which a solution of perovskite precursors (CsBr and PbBr3) was loaded into the flow 

reactor without the presence of any organic ligands (i.e., no OA and OAm as well as no 

star-like PAA-b-PS nanoreactor). No luminescence was detected for the ligand-free 

CsPbBr3. This offers further proof to suggest that any luminescent performance from 

template-grown PNCs can clearly be attributed to CsPbBr3 formed within the nanoreactor. 
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Figure 14 - TEM images of (a) PS-capped CsPbBr3 PNCs and (b) OA/OAm-co-capped 

CsPbBr3 PNCs (control sample). Both samples were synthesized at optimized conditions 

(Qtol = 5000 mL/hr and Qprecursor = 60 mL/hr). 

 

 

Figure 15 - Size distribution of (a) PS-capped CsPbBr3 PNCs and (b) OA/OAm-co-

capped CsPbBr3 PNCs (control sample). Both samples were synthesized at optimized 

conditions (Qtol = 5000 mL/hr and Qprecursor = 60 mL/hr). 
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The colloidal, UV, and thermal stabilities of control and templated CsPbBr3 PNCs 

were then examined. In colloidal stability testing, the templated PNCs exhibited nearly no 

PLQY deterioration over more than 100 days, while the control fells to 20% normalized 

PLQY (Figure 16a). The significantly enhanced colloidal stability of the templated PNCs 

is due to their strongly ligated outer PS chains that are originally covalently bound to inner 

PAA chains. Conventional OA and OAm ligands are only dynamically bound to the surface 

of the PNC, and over time they can dissociate, leading to PNC agglomeration and 

quenching of luminescence86. This is seen in the sharp decline of PLQY with time. 

Template-grown PNCs, on the other hand, have PS chains intimately and firmly ligated, 

ensuring that they maintain their colloidal nature and thus avoiding agglomeration and 

preserving their excellent optoelectronic properties. To probe UV stability, both control 

and templated samples were exposed to 365nm UV radiation for 48 hr. The control 

OA/OAm-co-capped PNCs experienced a significant PLQY degradation in 24 hr, while 

the templated PNCs retained ~80% of their initial PLQY (Figure 16b). The decrease in 

optoelectronic performance can be ascribed to UV-induced photo-oxidation of Pb in 

PNCs184. The superior UV stability of the templated PNCs is likely owing to the outer PS 

chains on the nanoreactor. The aromatic groups in the chains are known to absorb UV light, 

which spares the inner perovskite from deleterious effects of UV irradiation185. To delve 

into their thermal stability, the PNCs were exposed to 80 C for an extended time.  The 

templated PNCs maintained ~70% of their initial PLQY after 5 hr at elevated temperature, 

while the control decreased to ~40% after 1 hr, and then to ~10% after 5 hr (Figure 16c). 

The considerable increase in PLQY retention can be ascribed to the strongly ligated PS 

chains on the surface of PNC as discussed above. Unlike the dynamic OA and OAm ligands 
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on the control PNCs, such intimately and vigorously tethered PS chains do not dissociate 

at elevated temperature, thereby rendering the templated PNCs to maintain their form and 

ensure high PLQY186. 
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Figure 16 - (a) Colloidal, (b) UV, and (c) thermal (at 80 C) stabilities of PS-capped and 

OA/OAm-co-capped CsPbBr3 PNCs (control sample) synthesized at optimized 

conditions (Qtol = 5000 mL/hr and Qprecursor= 60 mL/hr). 

The yield of continuous manufacturing methods is a critical metric that informs the 

amount of a target material synthesized per time. In our dual-reactor technique (star-like 
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block copolymer nanoreactors inside a flow reactor), the final yield (mass/min) is 

dependent on the concentration of nanoreactors and perovskite precursors present in the 

precursor solution. Precursor solutions with higher concentrations of loaded nanoreactors 

will result in higher yields, whereas lower nanoreactor concentrations will lead to lower 

yields. In the trials in our study, the concentration of nanoreactors in the precursor solution 

was kept at a constant 10mg per 20mL DMF (perovskite precursors were added in slight 

excess). At this constant concentration, the calculated yield of CsPbBr3 PNCs is 0.139 g/hr 

(see Equation 6 in Section 3.2). This yield is similar to that previously reported for 

continuous production of perovskite (0.154 g/hr)89 and is significantly more than 

previously reported batch conversion methods (0.019 g/hr)89. Notably, the yield of this 

system scales linearly with the concentration of nanoreactors (Equation 6 in Section 3.2). 

This linear dependence suggests that the yield of the system can be greatly boosted simply 

by increasing the concentration of loaded nanoreactors. Furthermore, varying the 

concentration of loaded nanoreactors in the precursor solution will impose insignificant 

effect on the optical properties on the final PNCs because little change in optical properties 

was observed as the precursor solution injection rate increased six times (Figure 13a-c). 

3.4 Conclusion 

In summary, we have demonstrated the continuous synthesis of highly stable PNCs 

by incorporating amphiphilic star-like block copolymer nanoreactors into a house-built 

flow reactor. The antisolvent composition, antisolvent flowrate, and precursor solution 

flowrate were each systematically optimized to render peak performance of the resultant 

nanocrystals. Importantly, toluene as an antisolvent, maximized antisolvent flowrate, and 

60 mL/hr precursor solution flowrate were identified to the ideal parameters. The colloidal, 
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UV, and thermal stabilities of template-grown, PS-capped PNCs produced with these 

parameters were found to be vastly superior to that of PNCs made with conventional OA 

and OAm ligands. The strongly and firmly bound PS chains on the surface of PNCs account 

for enhanced stabilities over those of control samples where OA and OAm ligands are 

dynamically bonded to the surface. Such a dual-reactor system (nano and flow reactors) 

enables the markedly improved stabilities of PNCs from the nanoreactor in conjunction 

with the scaling up rendered by a continuous flow reactor, representing a crucial step 

towards commercialization of PNCs as it overcomes two of the great challenges facing this 

unique class of material. Future work can be centered on expanding the compositions and 

emission wavelengths of PNC emitters via this dual-reactor system. 
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CHAPTER 4. CONTINUOUS PRODUCTION OF ULTRATHIN 

ORGANIC-INORGANIC RUDDLESDEN-POPPER PEROVSKITE 

NANOPLATELETS VIA A FLOW REACTOR 

Biesold, G. M., Liang, S., Wagner, B. K., Kang, Z., & Lin, Z. (2021). Nanoscale, 13(30), 

13108-13115. 

4.1 Introduction 

Due to their unique optoelectronic properties, colloidal semiconductor nanocrystals 

represent an exciting class of nanomaterials with a multitude of applications. Perovskite 

nanocrystals, with the general structure ABX3 (where A = monovalent cation (e.g., 

CH3NH3
+, CH5N2

+, Cs+, etc.), B = bivalent cation (e.g., Pb2+, Sn2+, etc.), and X = halide 

anion (Cl-, Br-, or I-))142, are particularly intriguing owing to their defect tolerance,148 high 

photoluminescence quantum yield,38-40, 145 narrow emission bandwidth,37, 146 and direct and 

easily-tunable bandgap.12 These outstanding optoelectronic properties have led to a diverse 

array of applications, including solar cells,187-190 light emitting diodes,162, 191 and 

photodetectors.13-14  Two dimensional (2D) and quasi-2D organic-inorganic Ruddlesden-

Popper (RP) perovskites have recently emerged as an intriguing subclass of perovskites. 

RP perovskites, with the general formula L2[ABX3]n-1BX4 (where L=bulky 

alkylammonium cation (e.g., phenylethylammonium (PEA),192 butylammonium (BA),193 

octylammonium (OA),194 etc.), are formed when bulky organic spacer cations (i.e., L) are 

placed at the monovalent A cation site.195-196 A variety of L have been employed, including 

linear (e.g., BA193 and OA194), phenyl (e.g., PEA192 and  1-naphthylmethylammonium197), 

and bication (e.g., diammonium butane198 and diammonium octane198) architectures. As L 

is too large to fit within the ABX3 structure, it necessitates the formation of thin nanosheets. 

The thickness of RP perovskite is defined as n, which equals the number of layers of corner 
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sharing octahedra. As n decreases, RP perovskites experience enhanced quantum 

confinement, which results in a dramatically blue-shifted emission194, 199 and an ultra-

narrow full width at half max (FWHM).199 The PLQY of perovskite NCs has, however, 

been found to decrease with decreasing thickness.194, 200 Notably, even with this decreased 

PLQY, the blue emission of (PEA)2PbBr4 NCs is greater than that of Cl-containing 

perovskites (<10%).201 The blue-shifted emission is of particular interest, as blue-emitting 

3D perovskites (e.g., ABCl3) are known to suffer from poor stability and possess 

suboptimal photoluminescence (PL) characteristics.202-204 Compared to 3D perovskites,  

RP perovskites possess a larger exciton binding energy due to low dielectric screening from 

the organic cation in conjunction with the confinement of electrons and holes within the 

2D inorganic lattice.205-207  Additionally, the hydrophobic nature of the ionically-bound L 

affords enhanced environmental stability to the 2D RP perovskites.206, 208 For example, 

(PEA)2FAn-1SnnI3n+1-based solar cells maintained their full power conversion efficiency 

after over 100 hr. in air without encapsulation.209 As such, 2D RP perovskites have been 

implemented for a diverse set of optoelectronic applications, including solar cells,153, 210 

LEDs,211-212 and photodetectors.16, 213-214 

While perovskites have demonstrated great promise for numerous applications, 

currently perovskite nanocrystals are often created via batch synthetic techniques such as 

ligand-assisted reprecipitation (LARP) 156 and hot injection.65 For perovskite NCs to reach 

their potential for widespread use, large-scale continuous production is highly desirable.215-

216 Successes in the use of flow reactors for the continuous production of a variety of other 

semiconductor NCs93, 217 have spurred some study into the use of flow reactors to 

synthesize 3D perovskite NCs. Recently,  microfluidic flow systems have been used to 



59 

 

probe the formation mechanisms of CsPbX3
165, 218-219 and FAPbX3

220 NCs. In these studies, 

precursor solutions were isolated into droplets within an inert oil medium, which enabled 

complete mixing within a confined area. Using these microfluidic droplets, crystal growth 

for lead halide perovskites was shown to be complete within seconds of precursor 

mixing.219 A Couette-Taylor flow system was also utilized to produce Cs4PbBr6 NCs.168 In 

this study, a precursor solution was combined with an antisolvent within the flow created 

between two spinning concentric cylinders.168 This Couette-Taylor flow system was found 

to yield NCs with narrow FWHM and high photoluminescence quantum yield (PLQY) 

compared to those synthesized via conventional batch LARP approach. Notably, 

conventional flow reactor systems have also been explored. MAPbX3 NCs were produced 

by continuously flowing two precursor solutions together.217 The resulting NCs were, 

however, only stable for up to an hour in their native solvent. A PTFE microreactor was 

used to continuously create CsPbX3 NCs. This strategy was able to create NCs with 

emission spanning 750-700nm, yet required the use of a convection micromixer and 

elevated temperature.221  A 3D printed nozzle was incorporated into a flow reactor to 

enhance mixing and craft MAPbX3 NCs.222 Interestingly, as demonstrated by both 

experimental and simulation results, by adding the precursor solution into the antisolvent 

through a narrowed 3D-printed nozzle, crystallization was improved, which in turn 

enhanced the PL properties of the NCs.222 

Herein, we report the continuous manufacturing of high-quality (as defined by PLQY, 

FWHM, and emission peak position comparable to those previously reported) 2D RP 

perovskite NCs (i.e., (PEA)2PbX4 nanoplatelets (NPLs); X = Br and I; n = 1) via a house-

built flow reactor. To our knowledge, no previous study has reported the continuous 
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production of 2D RP NPLs. It is noteworthy that our flow reactor is able to produce NCs 

at rates over 15 times that previously reported.222 Additionally, the relatively simple 

construction enables its widespread use without specialized equipment, unlike reactors that 

need relatively complex Couette-Taylor168 or convection micromixer221 apparatus. 

Furthermore, our flow reactor utilizes only two liquids, that is, the precursor solution and 

the antisolvent. This stands in sharp contrast to microfluidic platforms that necessitate the 

use of a third immiscible solvent as the media to separate reactor droplets.165, 218-220 It is 

also notable that by introducing only two liquids, our flow reactor products can be used 

directly after synthesis, thereby dispensing with the need for removal of the third 

immiscible solvent, which is important for future industrial production. The effects of 

antisolvent composition, reactor tube length (l), antisolvent flowrate (Qanti), and precursor 

solution flowrate (Qprecursor) on the PL properties (i.e., PLQY, FWHM of emission, 

emission peak position, absorbance, etc.) and morphology of (PEA)2PbX4 NPLs produced 

by flow reactor were elucidated. The antisolvent composition was witnessed to exert the 

greatest influence on the PL properties of the as-synthesized NPLs, with increasing polarity 

of the solvents leading to a consistent drop in PLQY. Reactor tube length and Qprecursor 

were also identified to impact PLQY, with shorter reactor tubes and lower Qprecursor 

generally resulting in better optoelectronic properties. Qanti was not found to significantly 

affect the final NPLs. The optimized parameters yielded NPLs with absolute PLQYs of 

18.5% for (PEA)2PbBr4 and 1.5% for (PEA)2PbI4, which are comparable to those reported 

for LARP synthesis.194, 213, 223-224 2D perovskites have been observed to possess lower 

PLQY than their 3D counterparts due to fast free exciton quenching via exciton–phonon 

coupling.225 The flow reactor enables production rates of 0.1542 g/hr for (PEA)2PbBr4, 



61 

 

which is at least eight times greater than that from batch synthesis. While flow reactors 

have been reported for 3D ABX3 perovskites, to our knowledge, this is the first study on 

the continuous production of 2D RP perovskite NPLs. As such, it represents an important 

endeavor towards commercialization of this class of nanomaterials and offers a promise 

for the continuous production of other layered perovskites. 

4.2 Experimental Details 

4.2.1 Materials 

All materials were used as received. Toluene (ACS, VWR), dichloromethane (ACS, 

VWR), chlorobenzene (ACS, Beantown Chemical), anhydrous dimethylformamide (DMF, 

Millipore), lead bromide (99.99%, TCI), lead iodide (99.9985%, Alfa Aesar), 

phenylethylamine (99%, Alfa Aesar), hydrobromic acid (48 wt%, Alfa Aesar), hydroiodic 

acid (57 wt%, Beantown Chemical), 1-octylamine (99%, Alfa Aesar), diethyl ether (ACS, 

Millipore Sigma), ethanol (200 proof, Koptec), phenylethylammonium bromide, 

phenylethylammonium iodide (synthesis details follow) 

 

Phenylethylammonium halide (PEAX) was synthesized in a previously-reported 

method.194 In short, excess halide acids were dropped into an ethanol/phenylethylamine 

mixture at 0 C. The mixture was then washed with diethyl ether three times, recrystallized 

with ethanol, and dried in a vacuum oven before use. 
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4.2.2 Methods 

Flow reactor setup 

To create the flow reactor, 1.6 mm inner diameter PTFE tubing (from SCAT Europe) was 

cut to the desired reactor tube length (15, 30, or 60 cm). It was then fitted onto one end of 

a polypropylene/polyethylene tapered connector (orifice size 3mm, VWR). Two pieces of 

PTFE tubing (inner diameter 1.6 mm) with one end adapted to female Luer Lock fitting 

(Hamilton Company) were then attached to the other two ends of the tapered connector. 

The female Luer Lock fittings allowed for facile connection to BD syringes that contained 

the precursor and crystallization solvents, which were dispersed by the  Single Syringe 

Pump (Fisherbrand). A schematic diagram of the flow reactor can be seen in Figure 17c. 

 

The same precursor solution was used for all trials except for those testing concentration 

effect of the precursor solution (described below). The general precursor solution was 

created by dissolving 0.4 mmol PbX2 (X= Br, I), 0.8 mmol PEAX, and 12 uL octylamine 

in 10 mL DMF. The small amount of octylamine was added to passivate any surface defects 

on the NPLs. The concentration effect precursor solution was made by dissolving 0.8 mmol 

PbX2, 1.6 mmol PEAX, and 24 uL octylamine in 10 mL DMF.  
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Investigation of each parameter 

The synthesis of perovskite nanoplatelets in the flow reactor was optimized by 

systematically tuning the following parameters.  

 

Antisolvent: To isolate the effect of antisolvent, a 15 cm reactor tube and two Luer Lock 

fitted tubes were connected to the Y adaptor. One syringe was filled with precursor solution 

(described above) and the other syringe was filled with the antisolvent (either toluene, 

dichloromethane, or chlorobenzene). The precursor solution was then allowed to flow at 

30 mL/hr until it reached the Y connector, at which point the antisolvent was introduced to 

flow at 1200 mL/hr. The final solution was collected from the end of the 15 cm reactor 

tube. The antisolvent syringe was removed and the reactor was rinsed with 10 mL of the 

antisolvent. This procedure was repeated two times for Qprecursor =30 mL/hr. Each other 

Qprecursor  (5, 10, 15, 20, 25, and 30 mL/hr) was then tested 3 times. This entire procedure 

was followed for each antisolvent (chlorobenzene, dichloromethane, and toluene) 

 

Reactor tube length: To elucidate the effect of reactor tube length, a 15 cm reactor tube and 

two Luer Lock fitted tubes were connected to the Y adaptor. One syringe was filled with 

precursor solution (described above) and the other syringe was filled with the toluene 

(antisolvent). The precursor solution was then allowed to flow at 30 mL/hr until it reached 

the Y connector, at which point the antisolvent was allowed to flow at 1200 mL/hr. The 

final solution was collected from the end of the 15 cm reactor tube. The antisolvent syringe 
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was removed and the reactor was rinsed with 10 mL of the antisolvent. This procedure was 

repeated two times for Qprecursor =30 mL/hr. Each other Qprecursor  (5, 10, 15, 20, 25, and 30 

mL/hr) was then tested 3 times. The entire procedure was then repeated after the reactor 

was replaced with a 30 and 60 cm tube. 

 

Antisolvent flowrate: To investigate the effect of antisolvent flowrate, a 15 cm reactor tube 

and two Luer Lock fitted tubes were connected to the Y adaptor. One syringe was filled 

with precursor solution (described above) and the other syringe was filled with toluene 

(antisolvent). The precursor solution was then enabled to flow at 5 mL/hr until it reached 

the Y connector, at which point the antisolvent was flowed at 1200 mL/hr. The final 

solution was collected from the end of the 15 cm reactor tube. The antisolvent syringe was 

removed and the reactor was rinsed with 10 mL of the antisolvent. This procedure was 

repeated three times for each Qtol (1200, 900, 720, 600, 514 mL/hr). 

 

Precursor concentration: 

To isolate the effect of precursor solution concentration, a 15 cm reactor tube and two Luer 

Lock fitted tubes were connected to the Y adaptor. One syringe was filled with the 

concentrated precursor solution (described above) and the other syringe was filled with 

toluene. The precursor solution was then allowed to flow at 30 mL/hr until it reached the 

Y connector, at which point the toluene was introduced to flow at 1200 mL/hr. The final 

solution was collected from the end of the 15 cm reactor tube. The toluene syringe was 
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removed and the reactor was rinsed with 10 mL of toluene. This procedure was repeated 

two times for Qprecursor =30 mL/hr. Each other Qprecursor  (5, 10, 15, 20, 25, and 30 mL/hr) 

was then tested 3 times. 

 

Characterization 

The photoluminescence (PL) spectra of each 2D RP perovskite NPL was obtained 

by a PerkinElmer LS 55 fluorescence spectrometer with a 365nm excitation light. The 

absolute photoluminescence quantum yield (PLQY) was measured with a Hamamatsu 

Quantaurus QY Plus with an excitation wavelength of 365 nm. The absorbance of the NPLs 

was examined by 800-300 nm with a Shimadzu UV-2600.   The morphologies of the as-

prepared NPLs were investigated with a JEOL CX-II transmission electron microscope 

(TEM) operated at 100 keV. Atomic force microscopy was conducted with a Bruker 

Dimension Icon; operated in tapping mode. Samples for AFM were made by drop casting 

NPL solution onto a silicon substrate. We note that x-ray diffraction studies were not 

conducted because the monolayer structure of n=1 perovskites lacks sufficient periodicity 

to yield relevant results.194 

 

Estimation of batch synthesis production rate 

Precursor solution composition: 

0.8 mmol PEABr = 0.1617 g 
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0.4 mmol PbBr2 = 0.1468 g 

10 mL DMF 

Total weight per volume = 0.3085 g / 10 mL = 0.03085 g/mL 

 

LARP synthesis ratio: 10 mL toluene: 10 uL precursor solution (10 uL= 0.010 mL) 

Weight per batch: 0.010 mL * 0.03085 g/mL = 0.0003 g 

*Assume 1 batch takes 60 seconds * 

0.0003 g / 60 s * (60 s / min) * (60 min / hr) = 0.0185 g/hr 

Equation 7 – Estimation of yield of batch synthesis 

 

 

Calculation of production rate of continuous flow reactor  

Precursor solution composition: 

0.8 mmol PEABr = 0.1617 g 

0.4 mmol PbBr2 = 0.1468 g 

10 mL DMF 

Total weight per volume = 0.3085 g / 10 mL = 0.03085 g/mL 
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Optimized Precursor Solution Injection Rate: 5 mL/hr 

Therefore, half mass is distributed per hour, yield would be 0.1542 g/hr 

Equation 8 – Calculation of yield of continuous flow reactor 

Reynolds Number Calculation 

𝑅𝑒 =
𝜌𝑄𝐷

µ𝐴
 

Equation 9 – Reynolds Number Calculation

ρ = Density of fluid [kg/m3] 

Q = Flowrate [m3/s] 

D = Inner diameter of tube [m] 

µ = Dynamic viscosity of liquid [Pa*s] 

A = Cross sectional area of tube [m2]

Constants 

ρ = 870 kg/m3 

D = 0.0016 m 

µ =  5.60E-4 Pa s 

A = π(D/2)2= π(0.0008)2=2.01E-6 m2 

Variable Flowrates: 

1205 mL/hr = 3.35E-7 m3/s 

905 mL/hr = 2.54E-7 m3/s 

725 mL/hr = 2.01E-7 m3/s 

605 mL/hr = 1.68E-7 m3/s 

519 mL/hr = 1.44E-7 m3/s 
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Determination of Re for total flowrate of 1205 mL/hr 

Re= (870 kg/m3)( 3.35E-7 m3/s)( 0.0016 m)/( 5.60E-4 Pa*s)( 2.01E-6 m2) = 393 

 

The Reynolds number for all flowrates was calculated using the above equation. The results 

are provided in the table below. 

Table 3 – Reynolds number corresponding to various antisolvent injection rates 

 

 

 

   

 

 

4.3 Results and Discussion 

Figure 17 a-b depict the chemical structures of 3D ABX3 and 2D L2PbX4 perovskite, 

respectively. The bulky organic cation, L, possesses a linear structure, where L cations can 

have diverse structures (i.e., phenyl rings, branches, and other functionalities).192-194, 197-198, 

206 To facilitate the continuous synthesis of high-quality 2D (PEA)2PbX4 perovskite NPLs, 

a custom flow reactor was built in house, as illustrated in Figure 17c. Full details of its 

Total Flow 

[mL/hr] 

Re 

1205 393 

905 295 

725 236 

605 197 

519 169 
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construction can be found in the Experimental Section in the Supporting Information. 

Briefly, three PTFE tubes (3.2 mm inner diameter) were attached to a Y adaptor (3mm 

orifice size). Two ends were fitted to syringe pumps and the other was left open. Precursor 

solution and antisolvent were then pumped through the tubing, combining in the Y adapter 

and then the final product was collected at the end of the open tube. To optimize the 

synthesis of (PEA)2PbX4 NPLs, four parameters were tuned in the flow reactor, that is, 

antisolvent composition, reactor tube length, antisolvent flowrate, and precursor solution 

flowrate. 

 

 

Figure 17 - Schematic of (a) three-dimensional ABX3 perovskite crystal structure, and 

(b) typical n=1 L2PbX4 Ruddlesden-Popper perovskite structure. (c) Schematic of in-

house built flow reactor, where precursor solution and antisolvent are introduced 

separately via respective syringe pumps. 
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I. Investigation into the Effect of Antisolvent 

The first parameter that was tailored was antisolvent composition. In a typical 

LARP synthesis of perovskite NPLs, a solution of perovskite precursors (i.e., PEAX and 

PbX2) dissolved in a polar solvent (e.g., dimethylformamide or dimethyl sulfoxide) is 

dropped into a vigorously stirred antisolvent that instantaneously triggers crystallization of 

the perovskite.156 In contrast, the flow reactor uses a modified LARP technique, where 

instead of precursor solution being dropped into a stirring antisolvent, the precursor 

solution is pumped into a reactor tube while simultaneously pumping abundant antisolvent. 

The flow in the tube is then responsible for mixing the solution, rather than stirring in batch 

synthesis. In our study, following previously-reported LARP techniques, toluene, 

dichloromethane (DCM), and chlorobenzene were chosen as antisolvents in the flow 

reactor.226 These three solvents were selected to isolate the effects of their structure and 

polarity on the final NPLs. Toluene and chlorobenzene are chemically identical except for 

the substitution of Cl for a methyl group. Comparison of NPLs synthesized with these two 

solvents renders evaluation of how the introduction of a single Cl group alters NPLs. 

Furthermore, dichloromethane was adopted as it offers a relatively higher polarity and the 

absence of a phenyl ring. To examine the effect of antisolvent composition, the antisolvent 

flowrate (Qanti) was set to a constant 1200 mL/hr, the reactor tube length fixed as 15 cm, 

and the precursor solution flowrate (Qprecursor) varied from 5 to 30 mL/hr. Transmission 

electron microscopy (TEM) images of (PEA)2PbBr4 NPLs produced with toluene 

antisolvent are shown in Figure 18a-f. TEM images of the chlorobenzene and 

dichloromethane trials can be seen in Figure 19a-f and Figure 20a-f, respectively. The 

NPL size distribution and average corner to corner length of NPLs made from both toluene 
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and chlorobenzene can be seen in Figure 21/Figure 22 (toluene) and  Figure 23/Figure 

24 (chlorobenzene). The average size and distribution of toluene NPLs was generally found 

to decrease with decreasing Qprecursor, which could be attributed to the relatively smaller 

amounts of precursors available for crystallization at low Qprecursor flowrates (Figure 22). 

Notably, this trend was not seen for the average size and distribution of chlorobenzene 

crafted NPLs, which had a relatively constant average size of 2 µm (Figure 24). This could 

be due to the higher saturation limit of chlorobenzene, which would allow for more 

dissolution of the perovskite precursors.226  We note that trends between morphology and 

Qprecursor are difficult to determine in DCM trials because of the potential decomposition of 

NPLs caused by DCM, as discussed below. As such, no NPL size measurements were 

taken for DCM samples. Interestingly, antisolvent composition was found to dramatically 

affect the quality of the produced (PEA)2PbBr4 NPLs, as evidenced by the decreasing 

PLQY (Figure 18g). NPLs crafted with solvents of a relative lower polarity were seen to 

exhibit higher PLQY. The relative polarities for toluene, chlorobenzene, and 

dichloromethane are 0.09, 0.188, and 0.309, respectively.226-227 It is commonly reported 

that, because of their ionic nature, perovskite NCs can easily be degraded by polar 

solvents.148, 228 Thus, NPLs synthesized in relatively more polar solvents could be 

degraded, which would negatively impact their PLQY. This degradation can qualitatively 

be seen in differences of morphology of the NPLs. The TEM images of NPLs formed from 

toluene (Figure 18a-f) reveal more uniform NPLs compared to those of NPLs formed from 

chlorobenzene (Figure 19a-f) and DCM (Figure 20a-f).  The samples made from DCM 

manifested clear degradation and often no NPL morphologies, which could be expected 

from its highest relative polarity. Antisolvent composition was found to have little effect 
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on the emission wavelength or FWHM of NPLs (Figure 18h & i), which is consistent with 

the fact that only n=1 (PEA)2PbBr4 NPLs can form in the system, given the restrictive 

precursors.199 The monolayer nature (and thus strong quantum confinement) of the NPLs 

ensured that the peak emission wavelength of all samples remained constant, as discussed 

later. This was further verified by absorbance and photoluminescence spectroscopy. 

Figure 25 clearly show the absorbance and emission from the NPLs remains unchanged 

regardless of the composition antisolvent. 
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Figure 18 - (a-f) TEM images of (PEA)2PbBr4 nanoplatelets (NPLs) synthesized in the 

flow reactor with a reactor tube length of 15 cm, a toluene injection rate (Qtol) held 

constant at 1200 mL/hr, and Qprecursor ranging from 5-30 mL/hr, , that is, (a) 5 mL/hr, (b) 

10 mL/hr, (c) 15 mL/hr, (d) 20 mL/hr, (e) 25 mL/hr, and (f) 30 mL/hr, respectively. All 

scale bars = 2 µm. Effects of antisolvent composition and Qprecursor on (g) PLQY, (h) 

emission peak position, and (i) FWHM of emission of (PEA)2PbBr4 NPLs. 
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Figure 19 - TEM images of (PEA)2PbBr4 NPLs produced in a 15cm reactor with 

chlorobenzene as the antisolvent at a constant flowrate of 1200 mL/hr and precursor 

injection rates ranging from 5-30 mL/hr, that is, (a) 5 mL/hr, (b) 10 mL/hr, (c) 15 mL/hr, 

(d) 20mL/hr, (e) 25 mL/hr, and (f) 30 mL/hr, respectively. All scale bars = 2 µm. 

 

Figure 20 - TEM images of (PEA)2PbBr4 NPLs made in a 15cm reactor with 

dichloromethane as the antisolvent at a constant flowrate of 1200 mL/hr and precursor 

injection rates ranging from 5-30 mL/hr, that is, (a) 5 mL/hr, (b) 10 mL/hr, (c) 15 mL/hr, 

(d) 20mL/hr, (e) 25 mL/hr, and (f) 30 mL/hr, respectively. All scale bars = 2 µm. 
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Figure 21 - Nanoplatelet size distribution of (PEA)2PbBr4 NPLs made in 15cm reactor 

tube with Qtoluene=1200 mL/hr at various Qprecursor. 
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Figure 22 - Average corner to corner length and deviation of (PEA)2PbBr4 NPLs made in 

15cm reactor tube with Qtoluene=1200 mL/hr at various Qprecursor. 
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Figure 23 - Nanoplatelet size distribution of (PEA)2PbBr4 NPLs made in 15cm reactor 

tube with Qchlorobenzene=1200 mL/hr at various Qprecursor. 

 



77 

 

0 5 10 15 20 25 30 35
0

1

2

3

4

5

C
o

rn
er

 t
o

 C
o

rn
er

 (
u

m
)

Precursor Injection Rate (mL/hr)  

Figure 24 - Average corner to corner length and deviation of (PEA)2PbBr4 NPLs made in 

15cm reactor tube with Qchlorobenzene=1200 mL/hr at various Qprecursor. 

 

 

Figure 25 - UV-vis absorbance and PL emission of (PEA)2PbBr4 NPLs produced in 15 

cm reactor with 5 mL/hr precursor injection rate and 1200 mL/hr flow of (a) toluene, (b) 

chlorobenzene, and (c) dichloromethane antisolvent. 
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II. Influence of Reactor Tube Length 

After toluene was determined to be the optimal antisolvent, it was used to investigate 

the effect of reactor tube length on the optical properties of (PEA)2PbBr4 NPLs. To this 

end, trials were run in the flow reactors with tube lengths of 15, 30 and 60 cm. For each 

tube length, Qtol was fixed at 1200 mL/hr and Qprecursor ranged from 5-30 mL/hr. Reactor 

tube length was found to have little effect on the morphology of the as-synthesized NPLs. 

Representative TEM images of NPLs synthesized with different reactor tube lengths but 

otherwise identical conditions (Qtol=1200 mL/hr and Qprecursor= 5 mL/hr) are shown in 

Figure 26a-c (TEM images for Qprecursor of 5-30 mL/hr for 15, 30, and 60 cm tube lengths 

are shown in Figure 18a-f, Figure 27a-f, and Figure 28a-f, respectively). The similarities 

of these TEM images signify that there is little effect from the reactor tube length.  Reactor 

tube length was also found to exert a minimal effect on either FWHM or peak position 

(Figure 26d-e). We note that consistent FWHM and peak position were also observed in 

both the toluene and chlorobenzene antisolvent trials. As noted above, a unique property 

of n=1 RP perovskite is its restricted ability to form only one product with a single, sharp 

emission peak.199 Shorter reactor tube lengths were generally observed to result in a higher 

average PLQY (with the exception of Qprecursor = 30 mL/hr, Figure 26f). Notably, this 

inconsistency occurred at the highest Qprecursor level (30mL/hr) and resulted in the lowest 

PLQY for each sample (between 10 and 12%). Thus, the inconsistency may be attributed 

to degradation from the relatively high concentration of polar DMF. For the 15cm tube, a 

clear trend of increasing PLQY with decreasing Qprecursor can be observed, which is 

consistent with previous study.229 This trend of increasing PLQY with decreasing Qprecursor 

was less pronounced for samples made with longer reactor tubes (30 and 60 cm). We 
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hypothesize that this could be ascribed to longer tubes leading to an increase in residence 

time in the reactor tube. This increased residence time in turn could increase the interaction 

between DMF and the NPLs, thereby potentially degrading their structural integrity and 

decreasing PLQY. This residence time-induced degradation could obscure effects from 

increased Qprecursor, which are more obvious in the shorter tube lengths where residence 

time-induced degradation is not as prevalent. Further study, including modelling of the 

complex fluid dynamics, is needed to better understand this phenomenon. 
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Figure 26 - TEM images of (PEA)2PbBr4 NPLs produced in the flow reactor with (a) 15 

cm, (b) 30 cm, (c) 60 cm reactor tubes and 1200 mL/hr toluene and 5 mL/hr precursor 

solution injection rates. All scale bars = 2 µm. Effects of reactor tube length (from 15-60 

cm) and precursor injection rates (from 5-30 mL/hr) on (d) emission peak position, (e) 

FWHM, (f) PLQY of (PEA)2PbBr4 NPLs. 
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Figure 27 - TEM images of (PEA)2PbBr4 NPLs produced in a 30cm reactor with toluene 

as the antisolvent at a constant flowrate of 1200 mL/hr and precursor injection rates 

ranging from 5-30 mL/hr, that is, (a) 5 mL/hr, (b) 10 mL/hr, (c) 15 mL/hr, (d) 20mL/hr, 

(e) 25 mL/hr, and (f) 30 mL/hr, respectively. All scale bars = 2 µm. 

 

Figure 28 - TEM images of (PEA)2PbBr4 NPLs produced in a 60cm reactor with toluene 

as the antisolvent at a constant flowrate of 1200 mL/hr and precursor injection rates ranging 

from 5-30 mL/hr, that is, (a) 5 mL/hr, (b) 10 mL/hr, (c) 15 mL/hr, (d) 20mL/hr, (e) 25 

mL/hr, and (f) 30 mL/hr, respectively. 
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III. Examination of Precursor Solution Injection Rate 

Throughout both the antisolvent composition and reactor tube length trials, the effect of 

precursor solution injection rate (Qprecursor) was also scrutinized. In both trials, Qanti was 

kept constant at 1200 mL/hr and Qprecursor ranged from 5-30 mL/hr. Qprecursor was seen to 

impose a negligible impact on the peak position (Figure 18h and Figure 26d) of as 

prepared 2D perovskite NPLs (Figure 18h and Figure 26d). Additionally, the FWHM of 

all samples was found to be relatively unaffected by altering Qprecursor (Figure 18i and 

Figure 26e). The minor fluctuations from the DCM trial can be attributed to the high 

polarity of the solvent, as discussed above. The relative stability of both emission 

wavelength and FWHM are in agreement with the fact that, based on the precursors in the 

solution, any emissive crystals formed would necessarily have to be monolayer n=1 NPLs. 

Qprecursor was found to affect PLQY differently for each antisolvent. For DCM increasing 

Qprecursor resulted in an increase of PLQY (from ~5% to ~10%), for chlorobenzene altering 

Qprecursor had little impact on PLQY (stayed a relatively constant 8%), and for toluene 

decreasing Qprecursor led to an increase in PLQY (from ~10% to ~20%) (Figure 26d). The 

trend of higher PLQY with increasing Qprecursor for the more polar solvents (DCM and 

chlorobenzene) could be due to the relatively higher saturation concentrations of the 

perovskite precursor.226 Because these relatively polar solvents encourage solvation of the 

precursor, a greater concentration of precursor is needed to enable the growth of quality 

crystals. For the samples synthesized with toluene (lowest polarity among all antisolvents), 

the consistently higher PLQY from lower Qprecursor is likely due to lower concentrations of 

DMF in the flow reactor. Because Qtol is held constant, every increase of Qprecursor results 

in a relatively higher concentration of DMF in the reactor and final product solution. Final 
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product solutions with relatively larger amounts of DMF impart a higher possibility of NPL 

degradation.230 This is in good agreement with previous study which have shown that 

increasing the amount of precursor solution in conventional LARP methods rapidly 

decreases the PLQY of the resultant nanocrystals.229  Additionally, lower Qprecursor could 

result in better mixing of the precursor with antisolvent due to the relatively higher ratio of 

antisolvent to precursor. This higher ratio could increase the likelihood of complete 

crystallization. 

IV. Scrutiny of Antisolvent Flowrate 

After the optimal antisolvent composition, reactor tube length, and Qprecursor were 

identified, the influence of Qanti on (PEA)2PbBr4 NPLs was probed. For this trial, the 

previously optimized antisolvent composition (toluene), reactor tube length (15 cm), and 

Qprecursor (5 mL/hr) were held constant while the toluene flowrate (Qtol) was varied from 

514-1200 mL/hr. Altering Qtol was seen to have little impact on the morphology of the as-

synthesized NPLs. The TEM images of NPLs produced from the various Qtol (Figure 29a-

e) display few differences, with the exception of the TEM image from the lowest Qtol (514 

mL/hr, Figure 4e) which resulted in irregular NPLs with some structural degradation. This 

could be attributed to the relatively higher ratio of DMF:antisolvent for the lower Qtol trial, 

which could degrade the as-formed NPLs via the presence of high-concentration polar 

solvent (i.e., DMF). The particle size distribution and average corner to corner length and 

distribution of these NPLs are shown in Figure 30 and Figure 31. Figure 31 illustrates 

that NPLS made with the highest and lowest Qtol resulted in NPLs with average sizes of 

with averages size of 2±1 µm and 4.5±3 µm, respectively. This trend of decreasing size 

and distribution with increasing Qtol can be attributed to the enhanced mixing that occurs 
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at higher flowrates, which is consistent with previous studies.95, 231  Changing Qtol imposed 

little effect on PLQY, and FWHM, or peak position of NPLs (Figure 29f-h). This can be 

ascribed to the fact that, though the flowrate of toluene was tuned over a wide range, the 

nature of the flow in the tube was unchanged. To confirm this, the Reynolds number (Re) 

corresponding to the flow for each trial was calculated using the following equation: 

𝑅𝑒 =
𝜌𝑄𝐷

µ𝐴
 

where ρ is the density of the fluid, µ is the dynamic viscosity of the fluid, A is the cross-

sectional area of the tube, and D is the inner diameter of the PTFE tube. Generally, laminar 

flow is expected when Re < 2000 and turbulent flow is yielded at Re > 2000. The Re for 

all flowrates in this trial did not exceed 2000 (the highest Re was 393; see Section 4.2 for 

more details; Error! Reference source not found.), suggesting that all experiments occurred i

n a laminar flow regime. This finding further enforces that, though the flowrates of each 

trial were different, nominal changes to their optical properties were observed because the 

nature of the flow was always laminar. In a similar study, altering Qanti from 6-72 mL/hr 

was also found to affect little on the PL properties of flow reactor-synthesized MAPbBr3 

NCs.222 The lack of impact was ascribed to the finding that changing Qanti had a limited 

influence on the concentration field of the system, as determined by finite element analysis. 
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Figure 29 - (a-e) TEM images of (PEA)2PbBr4 NPLs synthesized in the flow reactor at 

varying toluene injection rates (from 514-1200 mL/hr) with a constant precursor injection 

rate of 5 mL/hr. All scale bars = 2 µm. The effect of Reynolds Number on (f) PLQY, (g) 

emission peak position, and (h) FWHM of (PEA)2PbBr4 NPLs. 
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Figure 30 - Particle size distribution of (PEA)2PbBr4 NPLs made in 15 cm reactor tubes 

with Qprecursor= 5mL/hr at varied toluene injection. 
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Figure 31 - Average corner to corner length and distribution of (PEA)2PbBr4 NPLs made 

in 15 cm reactor tubes with Qprecursor= 5mL/hr at varied toluene injection. 
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It is notable that though many parameters were tuned throughout the trials, many of the 

optical properties of the (PEA)2PbBr4 NPLs remained relatively constant. FWHM and peak 

position of the PL were unchanged by altering the antisolvent composition, reactor tube 

length, Qprecursor, or Qantisolvent. As seen in Figure 32 and Figure 33, neither changing the 

antisolvents nor reactor tube length resulted in meaningfully altered peak position or 

FWHM. These stable optical properties are also in good agreement with those observed for 

changing Qtol, as shown in Figure 29g-h. The unchanged peak position and FWHM of 

emission are consistent with the fact that all (PEA)2PbBr4 NPLs are monolayer thick. As 

the only available cation in the system is the monovalent bulky spacer PEA, any 

luminescent crystal formed is n=1 (PEA)2PbBr4. In addition, because of the nature of this 

material, all produced NPLs experience identical quantum confinement, ensuring a stable 

and constant emission.199 
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Figure 32 - Comparison of emission peak position of a variety of trials. Chlorobenzene 

and dichloromethane samples were created with Qanti held constant at 1200 mL/hr and 15 

cm reactor tube lengths. The variable tube length trials were conducted with toluene as 

the antisolvent and Qtol was a constant 1200 mL/hr. 



89 

 

0 5 10 15 20 25 30 35
0

5

10

15

20

25

F
W

H
M

 (
n

m
)

Precursor Injection Rate [mL/hr]

 Chlorobenzene

 Dichloromethane

 15 cm

 30 cm

 60 cm

 

Figure 33 - Comparison of FWHM of emission of a variety of trials. Chlorobenzene and 

dichloromethane samples were created with Qanti held constant at 1200 mL/hr and 15 cm 

reactor tube lengths. The variable tube length trials were conducted with toluene as the 

antisolvent and Qtol was a constant 1200 mL/hr. 

The optimized antisolvent, Qprecursor, reactor tube length, and Qtol were then implemented 

to craft high-quality (PEA)2PbBr4 and (PEA)2PbI4 NPLs. Figure 34a-d compares TEM 

images of NPLs produced from the optimized flow reactor as well as synthesized via 

conventional LARP batch synthesis. NPLs made from either strategy possess characteristic 

platelet morphology, while the NPLs synthesized from conventional LARP batch synthesis 

have a smaller average dimension. This decreased average size is due likely to the limited 

growth of NPL nuclei caused by the enhanced mixing of precursor solution with antisolvent 

via vigorous stirring. Conversely, in the flow reactor, the laminar nature of the flow could 
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allow a prolonged growth time of nuclei as discussed above and yield NPLs with larger 

dimensions. Figure 34e-f present the UV-vis absorption and PL emission of flow-reactor-

synthesized (PEA)2PbBr4 and (PEA)2PbI4 NPLs, respectively. The emission peaks of 

410nm for (PEA)2PbBr4
223-224 and 520nm for (PEA)2PbI4

213 are in good agreement with 

those reported for NPLs made via conventional LARP. The absorption peaks are similarly 

consistent with previous reported results. It is worth noting that the average absolute 

PLQYs (measured via an integrating sphere) of (PEA)2PbBr4 (18.5%) and (PEA)2PbI4 

(1.5%) NPLs formed in the flow reactor at optimized conditions are comparable (or better) 

to those of (PEA)2PbBr4 (with reported values ranging from 5-24.8%)223-224 and 

(PEA)2PbI4 (~1%)213 NPLs synthesized by LARP batch synthesis.194 The average PLQY, 

FWHM, and emission peak position of (PEA)2PbI4 NPLs created in an optimized flow 

reactor (l = 15cm, Qtol = 1200 mL/hr) with Qprecursor ranging from 5-30 mL/hr are 

summarized in Figure 35a-c. Atomic force microscopy was performed to verify the 

monolayer nature of the (PEA)2PbBr4 NPLs made with the optimized parameters (Figure 

36a). The observed thickness of ~2nm ( Figure 36b) is in good agreement with previous 

study that reported the monolayer thickness of (PEA)2PbBr4 to be 1.75nm.232  
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Figure 34 - TEM images of (a) and (c) LARP control and (b) and (d) flow reactor (1200 

mL/hr toluene and 5 mL/hr precursor) (PEA)2PbBr4 and (PEA)2PbI4 NPLs, respectively. 

All scale bars = 2 µm. (e)-(f) UV-vis absorbance and PL of (e) (PEA)2PbBr4 and (f) 

(PEA)2PbI4 NPLs, respectively. 
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Figure 35 - (a) PLQY, (b) emission peak position, and (c) FWHM of (PEA)2PbI4 NPLs 

produced in 15 cm reactor tube with a constant 1200 mL/hr toluene (antisolvent) flowrate 

and precursor solution flowrates ranging from 5-30 mL/hr (see x axis). 
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Figure 36 - (a) AFM image of (PEA)2PbBr4 NPL made in a 15cm reactor tube at 

Qtol=1200 mL/hr and Qprecursor=5 mL/hr. (b) Cross-sectional analysis of the line indicated 

in (a). 
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The effect of precursor solution concentration was then investigated. To accomplish 

this, the precursor solution concentration was doubled (from 0.02M PbBr2 and 0.04M 

PEABr to 0.04M PbBr2 and 0.08M PEABr in DMF), and the optimized flow parameters 

(toluene antisolvent, Qtol=1200 mL/hr, Qprecursor=5 mL/hr, 15 cm reactor tube) were used. 

Figure 37 shows TEM images of NPLs synthesized with concentrated precursor solutions 

at Qprecursor ranging from 5-30 mL/hr. No obvious trend can be seen in their morphology, 

with each Qprecursor resulting in NPLs with highly variable sizes. The PLQY of NPLs made 

from concentrated precursors was found to remain at a relatively constant value of ~9% 

regardless of precursor injection rate (Figure 38a). This value is significantly lower than 

that of the more dilute sample, which displayed a highest PLQY of ~18%. Interestingly, 

the lowest PLQY from the dilute samples (~11%) occurred at the highest Qprecursor. The 

relative similarity between the constant PLQY of the concentrated samples (~9%) and that 

highest Qprecursor of the dilute sample (~11%) could suggest that a critical ratio of precursor 

to antisolvent exists, beyond which PLQY will remain constant. At this critical ratio, there 

is potentially not sufficient toluene to spur crystallization of all perovskite precursors, 

leading to crystals with poor PL performance. Moreover, the emission peak position and 

FWHM were found to be relatively unaffected by changing the precursor concentration 

(Figure 38b-c). This is in good agreement with previous findings which have shown peak 

position and FWHM to be relatively stable throughout a variety of parameter tuning. 
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Figure 37 - TEM images of (PEA)2PbBr4 NPLs produced with a precursor solution 

concentration of 0.04M PbBr2 and 0.08M PEABr (double concentration in DMF) in a 

15cm reactor with toluene as the antisolvent at a constant flowrate of 1200 mL/hr and 

precursor injection rates ranging from 5-30 mL/hr, that is, (a) 5 mL/hr, (b) 10 mL/hr, (c) 

15 mL/hr, (d) 20mL/hr, (e) 25 mL/hr, and (f) 30 mL/hr, respectively. All scale bars = 2 

µm. 
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Figure 38- (a) PLQY, (b) emission peak position, and (c) FWHM of (PEA)2PbI4 NPLs 

produced with precursor solutions of 0.02M PbBr2 and 0.04 PEABr (normal 

concentration in DMF) and 0.04M PbBr2 and 0.08M PEABr (double concentration in 

DMF) in a 15 cm reactor tube with a constant 1200 mL/hr toluene (antisolvent) flowrate 

and precursor solution flowrates ranging from 5-30 mL/hr (see x axis). 
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Production rate (mass per time) is a key metric to evaluate the viability of any continuous 

production system. Determining the production rate of legacy batch synthesis strategies is 

difficult, because the time component is highly dependent on the rate at which batches are 

switched. As an estimate, we assumed that lab-scale batch synthesis of perovskite NPLs 

takes on average 60 s per batch, not including purification or cleaning of the reactors. Using 

this approximation, we estimated the production rate of batch synthesis to be 0.0185 g/hr 

(see Equation 7  in Section 4.2). We then calculated the production rate of the flow reactor 

to be 0.1542 g/hr (Equation 8 in Section 4.2). These calculations demonstrate well that 

our flow reactor enables a greater than eight times increase in the production rate of 2D RP 

perovskite NPLs. We also note that all samples yielded in the flow reactor were 

characterized without purification, which avoids the need for an additional and potentially 

costly step that could hinder commercial applications. 

4.4 Conclusion 

In summary, we demonstrated that a flow reactor is capable of continuously 

producing both (PEA)2PbBr4 and (PEA)2PbI4 NPLs with properties comparable to those of 

NPLs previously reported from batch synthesis. The selection of antisolvent (particularly 

its polarity) was witnessed to drastically affect the properties of the NPLs, with lower 

polarity solvents achieving better PLQY due to the absence of degradation of NPLs often 

caused by polar solvents. Furthermore, a moderate decrease in PLQY was observed as 

reactor tube length increased, which may be due to longer tubes resulting in a longer 

residence time that promotes interaction between DMF and the NPLs and thus the NPL 

degradation. In addition, altering the flowrate of antisolvent was not found to meaningfully 

affect any of the tested optical properties (e.g., PLQY, FWHM, peak position), which can 
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be attributed to the laminar flow characteristic at all injection rates. Antisolvent flowrate 

was, however, found to affect NPL morphology, with higher flowrates resulting in smaller 

and more monodisperse NPLs. A trend of higher PLQY with lower flowrates of precursor 

solution was noted for the toluene samples and was attributed to a relatively lower 

concentration of DMF in the final product solution, leading to less degradation of as-

formed NPLs. Nearly all samples displayed a constant emission peak position and FWHM, 

correlating well with the nature of the highly quantum-confined 2D RP perovskite 

structure. Our systematic study displayed that 2D RP perovskite NPLs with competitive 

PL properties (i.e., PLQY, FWHM, and emission peak position) can be produced at rates 

eight times greater than that of traditional batch synthesis. This scaling-up represents a 

viable and crucial step towards far-reaching commercial applications of 2D RP perovskite 

NPLs. Insights gleaned from this investigation can be exercised to scale up production of 

other perovskite materials, including Dion–Jacobson perovskites and RP perovskites where 

n>1. 
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CHAPTER 5. ENHANCING THE STABILITY OF 

RUDDLESDEN-POPPER PEROVSKITE VIA ENGINEERING 

ALKYLAMMONIUM CATION 

Biesold, G. M., Bonadio, A., & Lin, Z. (in preparation) 

5.1 Introduction 

Metal halide perovskites, an emerging class of semiconducting materials with 

outstanding optoelectronic properties, have the general chemical formula ABX3. A+ 

(commonly methylammonium (CH3NH3
+) (MA+), formamidinium (CH(NH2)2

+) (FA+), or 

Cs+) and B2+ (commonly Pb2
+ or Sn2

+) are cations of different sizes and X- are halide anions 

(Cl-, Br-, I-) that coordinate with the B2+ ions. The coordination of the X- and B2+ ions result 

in corner sharing BX6 octahedrons that constitute a three-dimensional (3D) framework. 

The A-site cations occupy the cavity within the framework. Metal halide perovskites have 

a relatively soft ionic lattice and a dynamically disordered crystal structure which results 

in tunable charge-carrier recombination rates and other nonclassical semiconductor 

characteristics.233-236 Metal halide perovskites have been extensively studied for solar 

energy conversion over the past decade due to their intriguing optoelectronic properties, 

including near-perfect crystalline structures,237 tunable direct band gaps,238 large 

absorption coefficient (1.5 ×104 cm-1 at 550 nm),239 high ambipolar mobility (~20 cm2 V-1 

s-1),240 long carrier diffusion lengths (100~1000 nm; ~175µm in MAPbI3 single crystals) 

(Leff, e/ Leff, h < 1),6 small exciton binding energy (~30 meV),241 high defect tolerance,242 

solution processability, and low processing cost.243 Notably, the certified power conversion 

efficiency (PCE) of single-junction perovskite solar cells has rapidly increased from 3.8% 

in 2009 to 25.2% in 2019.244 
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To date, a wide range of perovskite nanostructures have been achieved, including 

quantum dots (QDs), nanoplatelets (NPLs), nanosheets (NSs) and nanowires (NWs).113, 194, 

245-246 Similar to conventional semiconducting NCs, the composition, size, and structural 

engineering of metal halide PNCs can be realized via either in-situ synthesis or post-

synthesis methods.247-248 Specific bulky organic cations (aliphatic or aromatic 

alkylammonium) can be inserted into 3D perovskite framework and function as spacers 

that isolate single (or multiple) inorganic perovskite layers.249 These resulting low-

dimensional perovskites (Ruddlesden-Popper phase) possess relaxed limits of cation 

dimensions, expanded compositional diversity, and high environmental stability.195, 249-250 

Numerous desirable properties (e.g. large exciton binding energy) can be achieved by 

tuning the composition and chain length of the bulky organic cations and by changing the 

number of layers of 2D perovskite.250 Perhaps most notably, Ruddlesden-Popper phase 

perovskite has been shown to possess enhanced environmental stability (compared to their 

3D counterpart) from their ionically-attached hydrophobic alkylammonium cations206, 208. 

Most often, the bulky alkylammonium cations consist most of fully saturated carbon 

chains, but functionalizing these cations by capitalizing on unsaturated outermost bonds 

represents an exciting new direction for enhancing the stability and functionality of 

Ruddlesden-Popper phase perovskites. 

Unsaturated outer bonds have been used to functionalize conventional 3D ABX3 

perovskite. Recently, crosslinked methylammonium lead bromide (MAPbBr3) PNCs were 

crafted through a modified ligand-assisted reprecipitation method using the trifunctional 4-

vinyl-benzyl-dimethyloctadecylammonium chloride (V-18) as the polymerizable ligand.118 

In V-18， the center of the ligand (an ammonium group with two methyl groups) was 
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found to induce sufficient ionic interactions with PNCs to anchor the ligands onto the NC 

surfaces, and the styryl groups and long alkyl side chain were found to facilitate radical 

polymerization and high colloidal stability, respectively.118 When synthesized in the 

presence of other inorganic ligands V-18-capped MAPbBr3 NCs exhibited monodisperse 

morphology, excellent PLQY, high film conductivity, and optical homogeneity due to 

enhanced surface passivation. Further study demonstrated that the as-prepared MAPbBr3 

NCs could be thermally polymerized, or copolymerized with styrene and methyl 

methacrylate to obtain homogeneous MAPbBr3 PNC/polymer nanocomposites that could 

be applied in LEDs with excellent performance.118 This in-situ method has been further 

extended to include other commercially available monomers, such as methyl 

methacrylate251, lauryl methacrylate252 and styrene253. In-situ synthesis of PNCs (e.g. 

CsPbBr3 NCs) has also been conducted in pure monomer solutions. After formation of the 

NCs, the surface capped monomers can be polymerized via thermal polymerization or UV 

light-induced photopolymerization, both of which provide enhanced protection of the 

PNCs.251 The resulting nanocomposites have been found to be highly soluble in organic 

solvents, which enables solution-processability and the ability to be used as a luminescent 

ink to create optoelectronic devices with high luminous efficiency and excellent color-

rendering index.251 

Click chemistry is one of the most universal methods of easily modifying many 

organic molecules254. Click reactions are notable in that they are highly efficient, simple to 

execute, proceed rapidly, and result in no side products. Thiol-ene reactions, in particular, 

are an intriguing class of click chemistry that will be used for cation engineering. Thiol-

ene reactions are photoinitiated processes which can be activated at specific times and 
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locations on the target molecules.255-256 Thiol-ene reactions occur via a free-radical chain 

mechanism. First, free radicals are generated via either heat or light (in this study the photo 

initiator 2,2,-dimethoxy-2-phenylacetophenone (DMPA) was used), and then they form 

thiyl radical species. The thiyl radical then propagates with available C=C (“ene”) 

functional groups via anti-Markovnikov addition, forming a carbon centered radical. A 

final chain transfer step removes a hydrogen radical, ensuring the strong covalent bonding. 

A graphic of typical thiol-ene mechanisms can be seen in Figure 39 below. 

 

Figure 39 – General photoinitiated thiol-ene reaction mechanisms 255 

This study aims to combine the functionality of polymerizable ligands with the 

versatility of thiol-ene chemistry to engineer novel alkylammonium cations to enhance the 

stability of Ruddlesden-Popper perovskites. In the first thrust, organic shells will be 
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synthesized in-situ around Ruddlesden-Popper perovskites by crosslinking unsaturated 

butene ammonium bromide cations with disulfide molecules via a UV light induced thiol-

ene reaction. After analysis, it was determined that the UV light necessary for driving this 

reaction an also result in severe degradation of the perovskite itself. As such, a new ex-situ 

cation engineering method was developed, where thiol-ene chemistry was used to craft 

superhydrophobic perfluorinated cations. Cations were made with 8, 6, and 1 

perfluorinated carbons, and these cations were then used to synthesize perfluorinated 

perovskite nanoplatelets. The stability and optical properties of these perfluorinated 

nanoplatelets were then systematically examined as a function of increasing degree of 

fluorination. Results suggest that increasing number of fluorinated carbons increases both 

the luminescence and water stability of NPLs. 

5.2 Experimental Details 

5.2.1 Materials 

All materials were used as received. Toluene (ACS, VWR), anhydrous dimethylformamide 

(DMF, Millipore), lead bromide (99.99%, TCI), hydrobromic acid (48 wt%, Alfa Aesar), 

diethyl ether (ACS, Millipore Sigma), ethanol (200 proof, Koptec), methylamine (40 wt.% 

in water, BeanTown Chemical),1-butylamine (99%, Thermo Scientific), 3-buten-1-amine 

(97%, Thermo Scientific Chemicals), 1-octylamine (99%, Alfa Aesar), 4-

vinylbenzylamine (stabilized with MEHQ 92%, TCI), 1,6-hexanedithiol (97%, Thermo 

Scientific), 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluoro-1-decanethiol (>96%, 

Sigma-Aldrich), 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluoro-1-octanethiol (97%, Sigma-

Aldrich), 2,2,2-trifluoroethanethiol (95%, Sigma-Aldrich) 
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5.2.2 Methods 

Synthesis of Alkylammonium Cations 

The alkylammonium cations (methylammonium bromide (MABr), butylammonium 

bromide (BABr), butene-ammonium bromide (BeABr), octylammonium bromide (OABr), 

and vinylbenzyl ammonium bromide (VBABr) were synthesized in an acid-base method 

similar to that previously-reported.194 In short, excess halide acids (HBr) were dropped into 

an ethanol/alkylamine mixture at 0 C. The solution was then stirred at room temperature 

for two hours. After two hours, the solution was dried via rotary evaporation until all liquid 

was removed. The mixture was then washed with diethyl ether three times, recrystallized 

with ethanol, and dried in a vacuum oven before use. 

Synthesis of Colloidal Nanoplatelets 

All perovskite nanoplatelets were synthesized using a modified ligand-assisted 

reprecipitation (LARP) technique. Perovskite precursors were added to anhydrous 

dimethylformamide in proper stoichiometric proportions. The proportions are (in terms of 

(LX:BX2:AX) 2:1:0 and 2:2:1 for L2PbX4 (n=1) and L4Pb2X7 (n=2), respectively. The 

precursor solution was then dropped into vigorously stirring toluene to allow for 

crystallization. Immediately, the solution changed color, indicating the formation of 

perovskite nanoplatelets. 

In-Situ Thiol-Ene Crosslinking of Perovskite NPLs 

In-situ crosslinking was conducted using a thiol-ene reaction in a manner similar to that 

previously reported.257 Specifically, DMPA and an excess amount of dithiol-containing 
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molecules (either dithiopropane or hexanedithiol) were added to toluene solutions of NPLs 

(made in the manner described above) with terminal alkene groups. The system was then 

purged via bubbling N2 gas for at least 1 hour. After purging, the mixture was stirred under 

365nm UV irradiation for the desired amount of time. Products were then separated via 

centrifugation. 

Ex-Situ Thiol-ene Synthesis of Perfluorinated Alkene Cations 

All three perfluorinated alkylammonium cations (perfluoro ethane ammonium bromide 

(PFEABr), perfluoro octane ammonium bromide (PFOABr), and perfluoro decane 

ammonium bromide (PFDABr)) were synthesized in an identical manner. BeABr 

(synthesized as described above), perfluoro alkane thiol (perfluorodecanethiol, 

perfluorooctanethiol, perfluoroethanethiol), and DMPA were first added to DMF. The 

solution was then degassed by bubbling for at least one hour. After purging, the solution 

was stirred under 365nm UV irradiation overnight to ensure full conversion. The products 

were isolated by rotary evaporation and washed with diethyl ether twice. The final products 

were then dried overnight in a vacuum oven. The dried cations were then used to synthesize 

NPLs in LARP method described above. 

Characterization Techniques 

The composition of the alkylammonium cations was verified with proton nuclear magnetic 

resonance spectroscopy (NMR) on a Varian Mercury 400 MHz. Organic synthesis was 

further verified by Fourier Transform Infrared Spectroscopy (FT-IR) on a Nicolet 6700 

FT-IR spectrometer. Organic molecule composition was also confirmed with Raman 

Spectroscopy on a Renishaw inVia Raman Spectrometer. The photoluminescence (PL) 
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spectra of each 2D RP perovskite NPL was obtained by a PerkinElmer LS 55 fluorescence 

spectrometer with a 365nm excitation light. The absolute photoluminescence quantum 

yield (PLQY) was measured with a Hamamatsu Quantaurus QY Plus with an excitation 

wavelength of 365 nm. The absorbance of the NPLs was examined by 800-300 nm with a 

Shimadzu UV-2600. The morphologies of the NPLs were investigated with a JEOL CX-II 

transmission electron microscope (TEM) operated at 100 keV.  

5.3 Results and Discussion 

The first step in enhancing the stability of Ruddlesden-Popper perovskite via 

engineering alkylammonium cations was to determine the effects of different 

alkylammonium cations on the optical properties of resultant perovskite NPLs. Changing 

the structure of alkylammonium cations has already been shown to alter the emission and 

absorption peaks of otherwise identical NPLs258-259. The alkylammonium cation-dependent 

PL and absorption peaks have been attributed to many things, including (1) the differing 

dielectric constant of unique cations, (2) the angle between the cations and the perovskite 

surface (which induces distortions to the crystal lattice), and (3) the strength of the van der 

Waals interactions between adjacent cations.259 Four different alkylammonium cations 

were synthesized (as described in Section 5.2) and used to craft perovskite NPLs. 

Phenylethylammonium bromide (PEABr), butylammonium bromide (BABr), butene 

ammonium bromide (BeABr), and 4-vinylbenzylammonium bromide (VBABr) were 

chosen as the cations because of the similarity of their structures. BABr and BeABr are 

identical except for their outmost carbon to carbon bond. Similarly, PEABr and VBABr 

are nearly identical except VBA has an outermost unsaturated bond. The molecular 

structures of these four cations can be seen below in Table 4. Each cation was individually 



107 

 

characterized after synthesis to verify their chemical structure. Figure 40A shows the FT-

IR spectra of both BABr and BeABr. Note that only the BeABr spectra possess the C=C 

stretching peak at 1644 cm-1, which indicates that the outermost unsaturated bond survived 

the acid-base synthesis. Further, Figure 40B shows the proton NMR spectra of both BeABr 

and BABr. The spectra are identical except for the peaks between 5 and 6 ppm that are 

visible only in the BeABr samples. These peaks are characteristic of C=C bonds, which 

confirms what was observed in the FT-IR spectra. After verification of their composition, 

the cations were then used to make both n=1 and n=2 perovskite nanoplatelets in the LARP 

method described above in Section 5.2. Representative TEM images of n=1 NPLs made 

using each of these alkylammonium cations can be seen in below in Figure 41. Samples 

made with all alkylammonium cations possesses the characteristic platelet morphology, 

which results in a highly extremely confined structure. This confinement can be seen in the 

photoluminescence spectra (Figure 42), as each sample displays a significantly blue 

shifted emission. The narrow and sharp peaks are in good agreement with what is expected 

from the highly confined n=1 and n=2 Ruddlesden-Popper perovskite phase, especially 

noting that all n=2 peaks are noticeable red shifted due to their decreased confinement258-

259.  
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Table 4 – Structure and PLQY of NPLs made with different alkylammonium 

cations 
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Figure 40 – Characterization of BABr and BeABr cations by (A) FT-IR and (B) NMR to 

verify the existance of C=C double bond 

 

Figure 41 - TEM images of n=1 L2PbBr4 NPLs made with (A) BABr, (B) BeABr, (C) 

PEABr, and (D) VBABr 
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Figure 42 – PL of n=1 and n=2 NPLs made with (A) BABr, (B) BeABr, (C) PEABr, and 

(D) VBABr alkylammonium cations 

 

After the NPLs made from each alkylammonium cation were synthesized and 

characterized, post treatment via thiol-ene crosslinking chemistry was used to enhance their 

stability. A diagram of the proposed architecture can be seen in Figure 43. The proposed 

research involves using thiol-ene chemistry to crosslink the outer unsaturated bonds to in-

situ craft a covalently bound fully organic shell around each individual NPL. The 

hydrophobic properties of the organic shell should increase the moisture resistance of the 

NPLs. To achieve this crosslinking, dithiol molecules (dithiopropane or hexanedithiol 
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(HDT)), and the photo initiator 2,2,-dimethoxy-2-phenylacetophenone (DMPA) were 

added to a toluene solution of NPLs. The solution was then stirred at room temperature and 

irradiated with UV light to initiate the crosslinking process. During the process, aliquots of 

sample were removed and their optical properties were evaluated. Figure 44 shows the 

progression of PLQY of (BeA)2PbBr4 and (BA)2PbBr4 NPLs as a function of UV 

irradiation. A sharp and monotonic decrease in PLQY was observed for both (BeA)2PbBr4 

and (BA)2PbBr4 NPLs, which was likely due to UV-induced degradation of the perovskite. 

Though the BeABr samples were observed to retain more PLQY than the BABr samples, 

the near 60% decrease after only an hour was already too severe to merit further testing.  

 

Figure 43 – Schematic of thiol-ene crosslinking unsaturated alkylammonium cations in 

NPLs 
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Figure 44 – Evolution of PLQY of (BeA)2PbBr4 and (BA)2PbBr4 NPLs during UV 

exposure. NPL solution included DMPA and hexanedithiol  

 After recognizing the sharp UV-induced degradation of BeABr and BABr NPLs, 

other alkylammonium cations were explored to boost stability. 4-vinylbenzylammonium 

bromide (VBABr) has been successfully demonstrated to photo polymerize and crosslink 

between Ruddlesden-Popper perovskite quantum wells260-261. VBABr (structure seen in 

Table 4) is beneficial because its aromatic ring possesses enhanced UV absorption, which 

has been shown to increase the likelihood of chemical crosslinking. Further, any enhanced 

absorption could protect the inner perovskite nanoplatelet from unnecessary irradiation and 

degradation. As such, VBABr cations were synthesized and used to craft NPLs. TEM 

images of VBABr NPLs are seen in Figure 41D, and PL of VBABr NPLs are seen in 
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Figure 42D. Unfortunately, the PLQY of VBABr NPLs was too low (less than 5%) to 

justify further investigation. 

After recognizing that UV-initiated crosslinking of Ruddlesden-Popper perovskite 

NPLs resulted in severe degradation, alternative crosslinking methods were explored. 

Using lower energy light that would not photodegrade the perovskite emerged as a 

promising technique. Sunlight262 and commercial white LEDs263 have successfully been 

used to in-situ polymerize perovskite/polymer composites. Because these light sources 

produce lower energy photons, less degradation was seen in the perovskite. In a method 

similar to that reported for the UV trial, five samples were made to determine the 

effectiveness of white light LED crosslinking. Five samples of (BeA)2PbBr4 NPLs were 

synthesized in toluene, and their pristine photoluminescence can be seen in Figure 45A. 

Various amounts of ethane dithiol (ranging from 0-100μL) were then added to each of the 

samples with 10mg DMPA. The samples were then exposed to white light LED irradiation 

for 3 hours, and their PLs were again recorded (Figure 45B). All samples but that without 

any thiol presented a near full quenching in emission. This suggests that that thiol itself 

could be degrading the perovskite, rendering this in-situ crosslinking unfeasible.  
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Figure 45 – PL of n=1 BeABr NPLs (A) before and (B) after illumination with LED and 

addition of ethane dithiol and DMPA 

 Based on the experience of degrading NPLs, it was determined that in-situ cation 

engineering was not worthy of further exploration. Instead, the cations could be engineered 

ex-situ and then used to synthesize highly stable perovskite NPLs. Perfluorinated cations 

are an ideal candidate to enhance NPL stability due to their noted super hydrophobicity. 

Three different perfluorinated cations were synthesized: perfluoro ethane ammonium 

bromide (PFEABr), perfluoro octane ammonium bromide (PFOABr), and perfluoro 

decane ammonium bromide (PFDABr), as illustrated in Figure 46. Synthesis was 

conducted via room temperature photoinitiated thiol-ene chemistry, as described in Section 

5.2. The structure and composition of each perfluorinated cation was confirmed by proton 

NMR. Figures 47-49 show that the C=C peaks (5-6 ppm) present in BeABr are only barely 

visible in the final product, signifying a near complete conversion. Further, new peaks in 

the 2-3 ppm range emerged for each synthesized perfluorinated cation, which verifies that 

new bonds were made and that the reaction was successful.  PFEABr, PFOABr, and 

PFDABr were chosen because of their similar structures. They allow for the systematic 

study the effect of degree of perfluorination (1, 6, and 8 fluorinated carbons) on various 
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properties of the resultant NPLs. Higher degrees of perfluorination should increase 

hydrophobicity, which should result in greater moisture stability.  

 

 

Figure 46 – Synthesis scheme for 1, 6, and 8 carbon perfluorinated cations 
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Figure 47 – NMR of BeA, perfluoro ethanethiol (PFET), and perfluoro ethane 

ammonium bromide 
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Figure 48 - NMR of BeA, perfluoro octanethiol (PFOT), and perfluoro octane 

ammonium bromide 
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Figure 49 - NMR of BeA, perfluoro decanethiol (PFDT), and perfluoro decane 

ammonium bromide 

 The successfully synthesized perfluorinated cations were then used to craft 

perovskite NPLs with varying degrees of perfluorination. A summary of the optical 

properties of n=1 and n=2 NPLs made with each PF cation and an octylammonium (OABr) 

control can be seen in Table 5. OABr was chosen as a control because of its wholly 

saturated alkane nature and similar number of carbons in its chain. Unfortunately, n=1 

NPLs made with perfluorinated cations did not register any detectable PL (OA control 

exhibited a PL of 0.6%). N=2 species did, however, all result in luminescent NPLs. This 

result is consistent with studies that have shown that the PLQY of perovskite increases as 

n does (the number of octahedral layers)200. Note, in this study, the monovalent A cation 
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was methylammonium bromide (MABr, synthetic details in the methods section). N=2 

NPLs were then subjected to a water stability test in which 1 mL of deionized water was 

dropped into 5 mL stirring NPL/toluene solution. Figure 51A shows that NPLs with more 

fluorinated carbons had a higher peak count throughout the test (water was dropped in after 

time 0). Figure 51B further shows how perfluorinated NPLs fared better than the alkane 

OABr control. Both PFOABr and PFDABr maintained luminescence longer than the pure 

alkane OABr. Notably, PFEABr possessed poorer properties than all other samples, which 

suggests that a critical length and degree of perfluorination exists. This critical length 

theory is further suggested by the relative similarity in PFOABr and PFDABr NPL PL 

stability. This suggests 8 and 6 fluorinated carbons result in similar water stability and that 

a critical number of fluorinated carbons might exist beneath that. Regardless, this finding 

shows that perfluorinated cations possess a better water stability than simple alkane chains 

and thus ligand engineering is a promising technique. 
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Table 5 – Summary of optical Properties of NPLs made with perfluorinated cations 

Structure PLQY (%) Peak (nm) FWHM (nm) 

n=1 PFDA 0 - - 

n=1 PFOA 0 - - 

n=1 PFEA 0 - - 

n=1 OA 0.6 433 22 

n=2 PFDA 13.0 436.5 15 

n=2 PFOA 2.4 441 19 

n=2 PFEA 2.0 433 15.5 

n=2 OA 33.4 436 12.5 
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Figure 50 – PL emission spectra of n=2 NPLs made with (a) PFDABr, (b) PFOABr, (c) 

PFEABr, and (d) OABr cations. 

 

Figure 51 – PL evolution of NPLs made with perfluorinated cations. 1 mL water dropped 

into 5mL NPL/toluene solution 
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 To further illustrate how perfluorinated alkylammonium cations result in enhanced 

water stability, the water-dependent PLQY of NPLs made with PFDABr and OABr were 

evaluated. PFDABr was chosen because it possessed the highest PL intensity water 

stability as illustrated in Figure 51A. Figure 52a depicts the evolution of PLQY of NPLs 

made with both OABr and PFDABr cations. After time 0, 1 mL of water was introduced 

into 5 mL of a stirring NPL/toluene solution. A near total quenching was observed for the 

OABr, with PLQY falling to less than 10% of its initial value (~4%) after only one minute 

(Figure 52b). Total quenching of PL was observed only 3 minutes after water introduction. 

Conversely, NPLs made with PFDABr, maintained 40% of their initial PLQY after 1 

minute and then exhibited a slow decrease in PLQY over time. Notably, it took 13 minutes 

for PFDABr to reach 10% of its initial PLQY, which was 13 times longer than the non-

perfluorinated OABr sample. This suggests that using superhydrophobic perfluorinated 

cations is a powerful technique that can increase stability by an order of magnitude. 

 

Figure 52 – Evolution of (a) absolutely and (b) normalized PLQY of NPLs made with 

OABr and PFDABr alkylammonium cations. 1 mL of deionized water was dropped into a 

5 mL NPL/toluene solution after time 0. 
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5.4 Conclusion 

Ruddlesden-Popper perovskites are intriguing materials with tremendous promise in a 

variety of optoelectronic applications. Their significant quantum confinement results in 

distinctly blue shifted optical properties, and their organic cations bestow significant 

moisture resistance. The organic/inorganic nature of RP perovskite uniquely positions it 

as a hybrid material with beneficial properties from both of its constituents. This study 

explores how powerful techniques from organic chemistry can be used to enhance the 

organic portion of the hybrid to account for deficiencies from the inorganic portion of RP 

perovskites. Specifically, thiol-ene chemistry was used to rationally engineer the 

alkylammonium cations to increase the moisture stability of RP perovskite. While in-situ 

thiol-ene crosslinking was unsuccessful due to UV-induced degradation of the perovskite, 

ex-situ engineering of perfluorinated cations was demonstrated to increase water stability 

by an order of magnitude. Further, through the systematic variation of the number of 

fluorinated carbons this study showed that increasing the degree of perfluorination of 

alkylammonium cations resulted in enhanced water stability. Thus, engineering of 

alkylammonium cations has been shown to be a powerful technique to enhance stability. 

While this study focused on using hydrophobic perfluorinated cations to enhance 

moisture stability, this technique could be used to create cations with various other 

functionalization. In theory, this universal thiol-ene technique could be used to create 

cations from any molecule with a thiol functionality. This technique could be used in the 

future to create libraries of cations with application specific functionalities, including 

stimuli responsivity, emission, or self-assembly.     
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CHAPTER 6. GENERAL CONCLUSIONS AND FUTURE 

RESEARCH 

6.1 General Conclusions 

This dissertation presents new strategies to boost the stability and production rate of 

lead halide perovskite nanocrystals. The recent development and intense research into lead 

halide perovskite have shown it to be a material with tremendous potential in numerous 

optoelectronic applications, including photodetectors, solar cells, scintillators, and 

emitters. Lead halide perovskites are particularly attractive as emitters because of their 

widely tunable emission wavelength, narrow full width at half max of emission, high 

photoluminescence quantum yield, tremendous defect tolerance, and facile room 

temperature synthesis. While these numerous characteristics are beneficial, there are also 

challenges for the widespread adoption of lead halide perovskite in commercial 

applications. Perovskite’s inherent instability to many ambient conditions is particularly 

problematic. Atmospheric moisture, UV irradiation, and heat exposure have been shown 

to quickly degrade optical performance. Additionally, current production methods of lead 

halide perovskite rely on batch techniques, which are insufficient for any real-world scaling 

up. While these challenges appear daunting, there is good evidence that both can be 

overcome by a combination of new chemistry and a transition to continuous manufacturing 

process. This dissertation has examined three unique approaches to remedy the above-

mentioned challenges, with the hope of moving perovskite toward commercialization and 

widespread use. 

 To address the issues of instability and batch production, this dissertation first 

examined the continuous production of highly stable lead halide perovskite nanocrystals 
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by integrating nonlinear block copolymer nanoreactors into a continuous flow reactor 

(Chapter 3). The polymer nanoreactors consist of inner poly(acrylic acid) and outer 

polystyrene blocks and were synthesized using sequential atom transfer radical 

polymerization of brominated beta cyclodextrin molecules. Because of the strong 

coordination of carboxy groups with metal moieties in the perovskite precursors, the 

growth of perovskite nanocrystals is confined within the poly(acrylic acid) block. 

Nanoreactors loaded with perovskite precursors were then placed into a house-built flow 

reactor to facilitate continuous production. Templated perovskite nanocrystals were then 

manufactured via a modified ligand assisted reprecipitation technique, where the flow 

dynamics of the antisolvent and precursor solution were responsible for the mixing 

necessary for crystallization. Numerous synthetic parameters were systematically 

optimized, including antisolvent composition, antisolvent injection rate, and precursor 

solution injection rate. Finally, the thermal, UV, and colloidal stabilities of both templated 

and conventional ligand perovskite nanocrystals made at the optimized conditions were  

evaluated. Perovskite nanocrystals made with the nanoreactor were found to be more stable 

in all tested scenarios, which was attributed to the permanently ligated polystyrene from 

the nanoreactor. This chapter serves as proof that highly stable perovskite can be made in 

a continuous manner needed for commercial applications. 

Subsequently, this dissertation aimed to increase stability and production rate of 

colloidal perovskite nanocrystals by applying an in-house developed flow reactor for the 

continuous production of high performance two dimensional Ruddlesden-Popper 

perovskite nanoplatelets (Chapter 4). Ruddlesden-Popper perovskite is formed when the 

monovalent A site cations in the ABX3 structure are replaced with bulky alkylammonium 
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cations. These bulky organic molecules are too large to fit within the cubo-octahedral 

cavity, and as such they inhibit the growth of three-dimensional crystals. This results in 

sheets of corner sharing octahedron with ionically attached organic molecules. 

Ruddlesden-Popper perovskite has been shown to possess enhanced moisture stability due 

to the hydrophobic nature of the organic chains on their alkylammonium cations. These 

higher stability perovskites were continuously manufactured by placing a precursor 

solution and antisolvent into a flow reactor. Both were flowed simultaneously, and the flow 

dynamics were responsible for the stirring necessary for crystallization. Numerous 

parameters were optimized, including: antisolvent composition, antisolvent flowrate, 

precursor solution flowrate, precursor solution concentration, and reactor tube length. The 

optimized conditions were then used to craft both bromide and iodide containing perovskite 

nanoplatelets, and their optical properties were evaluated. The iodide containing 

nanoplatelets exhibited performance similar to that reported in literature, and the bromide 

samples were better. This study showed that flow reactors can be used to continuously 

manufacture perovskite nanocrystals with properties equal to or greater than that of batch 

synthesis without the use of nanoreactors. 

Finally, this dissertation explores increasing the stability of perovskite nanocrystals 

by using thiol-ene click chemistry to rationally engineer the alkylammonium cation in 

Ruddlesden-Popper perovskite (Chapter 5). As discussed above, the hydrophobic nature 

of the ionically attached alkylammonium cations on Ruddlesden-Popper perovskite has 

been shown to increase moisture resistance. Normally the cation consists of fully saturated 

carbon chains, but by creating chains with unsaturated terminal groups unique chemistries 

can be conducted to functionalize the perovskite. This thesis first examines using thiol-ene 
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crosslinking chemistry to in-situ create a hydrophobic organic shell to boost stability. After 

that, ex-situ cation engineering was conducted to create superhydrophobic perfluorinated 

cations to enhance stability. It was shown that chains with more fluorination possessed 

higher water stability, as demonstrated by their ability to maintain photoluminescence 

longer after introduction of water. This shows that rational design of the alkylammonium 

cations is an area rich for enhancement of Ruddlesden-Popper perovskite. 

The findings reported throughout this dissertation provide general strategies to 

remedy the challenges that hinder the widespread adoption of metal halide perovskite for 

next generation optoelectronic applications. As is well documented, their poor 

environmental stability and reliance on batch processing are two of the most pressing 

challenges of metal halide perovskite. Each chapter of this dissertation responds to at least 

one of those obstacles and are generalizable enough to pave the way for future research. 

This dissertation underscores the advantages of using both polymers and continuous 

flow reactors in the synthesis of perovskite nanocrystals. Specifically, Chapter 3 showed 

that the stability and production rate of PNCs can be vastly increased by using nonlinear 

polymer nanoreactors to template the growth of perovskite nanocrystals. One key to the 

stability of the templated perovskite nanocrystals was the permanence of the polymer 

“ligands”. Therefore, this study suggests that the stability of other colloidal perovskite 

nanocrystals can be increased by increasing the strength of ligand binding to the surface of 

the nanocrystals. Unfortunately, this likely means that conventional ligands oleylamine and 

oleic acid are probably unsuitable for widespread production of perovskite nanocrystals, 

due to their highly dynamic nature. Thus, this dissertation suggests that the synthesis of 

PNCs with more advanced strongly-bound polymeric ligands is a strategy that could endow 
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further improved stabilities against multiple environmental factors. Zwitterionic ligands 

that possess multiple anchoring groups in conjunction with long hydrocarbon chains are a 

representative example of such ligands. The incorporation of zwitterionic polymers has 

been found to significantly enhance the stabilities of CsPbBr3 PNC/polymer 

nanocomposites in polar solvents to over 1.5 years264. They have also been demonstrated 

to increase surface passivation and dispersity of PNCs in as-prepared nanocomposite thin 

films,101 which could enable practical applications of PNCs. However, the synthesis of 

zwitterionic polymer ligands normally requires multiple steps and yields a limited amount. 

Therefore, it is important to develop new polymeric ligands that can afford the same 

increases in stability while being more easily synthesized and scaled-up. Regardless, as 

shown in this dissertation, the use of polymeric ligands will be crucial for future 

applications of PNCs.  

Chapters 4 and 5 of this dissertation emphasize the rich potential of Ruddlesden-

Popper perovskite. Because RP perovskites are hybrid inorganic/organic materials, they 

enable the use of various unique chemistries. This dissertation has shown how new 

functionality and properties can be achieved by engineering the alkylammonium cations in 

RP perovskites. While this study focused on using superhydrophobic perfluorinated cations 

to increase moisture/water stability, the synthetic methods can be extended to include 

numerous other functionalities. This is owed in large part to the ubiquity of thiol-ene click 

chemistry, which enables high conversion at relatively mild conditions. Thiol-ene 

chemistry could be used to attach a thiol molecule with any desired functionality to an 

unsaturated outer bond in an alkylammonium cation, as was shown with butene ammonium 

and perfluorinated thiols in this dissertation. 
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While unsuccessful in Chapter 5 of this dissertation, crosslinking unsaturated 

alkylammonium cations/ligands to create PNC/polymer nanocomposites remains an 

intriguing possibility. A crosslinked polymer matrix outside PNCs could provide a dense 

protective organic layer that inhibits the diffusion of moisture and polar solvents to the 

inner PNC while simultaneously limiting the ion migration in the PNC. This has been 

demonstrated in 3D MAPbBr3 PNC/polymer nanocomposites that exhibited extraordinary 

stabilities in harsh environments (e.g. 85℃ and 85% relative humidity265).266 Furthermore, 

selecting monomers with specific functional groups (e.g. 1-alkynl acid) for crosslinking 

have been shown to increase emission of CsPbBr3 PNCs by passivating their surface.267 

Thus, the rational design of crosslinked polymer matrixes for the synthesis of  

PNC/polymer or RP NPL/polymer nanocomposites merits for further exploration. 

6.2 Future Research 

As this dissertation has shown, the judicious use of organic chemistry and flow 

reactors can remedy some of the obstacles that inhibit the use of PNCs for widespread 

application. Though the studies outlined in this dissertation offer many unique insights (as 

mentioned in Section 6.1), much work remains before perovskite can be widely adopted 

for practical uses. Based on the findings of this dissertation, the following future research 

directions are suggested. 

First, more parameters within flow reactors should be explored for their effect on 

resultant PNC performance. Reactor tube diameter is one parameter that was not optimized 

in the studies outlined in this dissertation. Scrutinizing the effect of reactor tube diameter 

is crucial because of its obvious effect on the volumetric flow in the entire system. For 
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industrial scaling up, the diameter of the reactor tube should be maximized to enable the 

highest flowrates. Further, altering pipe diameter is a facile method of probing the effect 

of the nature of fluid flow (as described by Reynolds number) on resultant PNCs. As shown 

in Equation 9, Reynolds Number scales linearly with pipe diameter (D). Thus, by changing 

the pipe diameter and holding all other parameters constant, the effect of transitioning from 

laminar to turbulent flow can be elucidated. This is especially helpful for systems like the 

house-built flow reactor that have technical limits on the maximum achievable flowrate 

(the maximum syringe pump flowrate still falls below the turbulent regime). 

Second, further alkylammonium cation engineering should be explored. This 

dissertation has delved into thiol-ene crosslinking and perfluorinated cations, but numerous 

other unique chemistries remain. As discussed in Section 6.1, by reacting unsaturated 

alkene ammonium cations with functionalized thiol-containing molecules, a nearly endless 

library of functional alkylammonium cations can be realized. One particularly interesting 

candidate for further cation engineering are stimuli-responsive molecules that could enable 

the properties of the resultant NPLs to be tuned on command. As a representative example, 

coumarin-containing alkylammonium cations could be synthesized by reacting thiol-

terminated coumarin molecules with unsaturated alkylammonium cations. By creating 

coumarin-containing cations, the resultant NPLs could demonstrate reversible self-

assembly because coumarin is well known to crosslink together under 365nm light and 

reversibly uncouple under 254nm light268. Such reversible self-assembly of perovskite 

NPLs could result in intriguing changes in optical properties. Further, the concentration of 

coumarin-containing cations could be optimized to promote either intra or inter NPL 
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coupling, with former enabling better moisture stability and the latter resulting in unique 

stacked morphologies. 

Another option for further cation engineering is to incorporate organic light emitting 

molecules into these functional alkylammonium cations, which would enable dual 

emissive NPLs. As an example, anthracene has been well studied for its use as an organic 

emitter with widely tunable emission269. Additionally, anthracene possesses a structure 

similar to other bulky alkylammonium cations and can be easily functionalized with thiol-

containing groups270. After reacting with unsaturated alkene ammonium cations, the 

anthracene-containing cations could be used to form dual emissive perovskite NPLs. Using 

these dual emission NPLs, devices could be made consisting of hybrid red emitting 

anthracene/green emitting perovskite layered on a blue-chip LED. The combined emission 

of all three components of this device could result in highly-desired white light. This 

represents only one possibility, and clearly many other compositions are possible. While 

this dissertation only examined engineering cations to increase moisture stability, it is clear 

that the studied cation engineering techniques can have much wider applications. 

More broadly, through the use of both polymer nanoreactors and alkylammonium 

cation engineering, this dissertation has outlined the critical role that organic chemistry can 

play in enhancing the properties of perovskite nanocrystals. Future study in this field will 

likely use these and the synthesis of PNC/polymer nanocomposites to push the stabilities 

of perovskite towards commercialization.271 For this to come to fruition, however, deeper 

study into the fundamental mechanisms of how polymers interact with PNCs is needed. 

For example, it is still not clear what functional groups of polymers passivate trap states of 

perovskites and how polymers affect the termination and surface energy of PNCs. 
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Additionally, how chain packing and composition of polymers affect water and oxygen 

diffusion and a polymers’ overall contribution to electronic band structure and stability 

needs to be elucidated. In this context, a suite of surface analysis techniques, including 

vibrational spectroscopy, nuclear magnetic resonance spectroscopy, X-ray photoelectron 

spectroscopy, and small-angle neutron scattering technique may be needed to clarify the 

interactions between polymers and the PNCs.272-273 To optimize nanocomposites for 

optoelectronic applications, an in-depth understanding of the influence of polymers on 

charge carrier dynamics and PL decay kinetics is of key importance. Time-resolved PL, 

transient absorption, and time-resolved fluorescence quenching spectroscopies are some 

critical techniques that will allow for the exploration of structure-optoelectronic properties 

correlation of PNC/polymer nanocomposites.274-275 Furthermore, computational simulation 

techniques could be a powerful tool to facilitate the understanding of polymer-PNC 

interactions and the development of PNC/polymer nanocomposites with enhanced 

properties. 

This work represents an important brick on the road towards the eventual 

commercialization of PNCs for numerous optoelectronic applications. It has offered 

concrete strategies to increase both the stability and production rate of PNCs, two major 

obstacles inhibiting widespread usage. Excitingly, the methods discussed are based in 

concepts that are more broadly applicable, as illustrated by Section 6.2. Future work can 

build on the methods developed in this dissertation to continue pushing PNCs to reach their 

immense potential. 

 

 



133 

 

DISSEMINATION OF THE WORK 

1. Biesold, G. M.;  Liang, S.;  Wagner, B. K.;  Kang, Z.; Lin, Z., Continuous 

production of ultrathin organic–inorganic Ruddlesden–Popper perovskite nanoplatelets via 

a flow reactor. Nanoscale 2021, 13 (30), 13108-13115. 

2. Biesold, G. M.;  Liang, S.;  Brettmann, B.;  Thadhani, N.;  Kang, Z.; Lin, Z., 

Tailoring Optical Properties of Luminescent Semiconducting Nanocrystals through 

Hydrostatic, Anisotropic Static, and Dynamic Pressures. Angewandte Chemie 

International Edition 2021, 60 (18), 9772-9788. 

3. Biesold, G. M.;  Liang, S.;  Wagner, B. K.;  Kang, Z.; Lin, Z., Continuous 

manufacturing of highly stable lead halide perovskite nanocrystals via a dual-reactor 

strategy. ACS Applied Nanomaterials, (under review) 

4. Fan, Q.#;  Biesold‐McGee, G. V.#;  Ma, J.;  Xu, Q.;  Pan, S.;  Peng, J.; Lin, Z., 

Lead‐free halide perovskite nanocrystals: crystal structures, synthesis, stabilities, and 

optical properties. Angewandte Chemie International Edition 2020, 59 (3), 1030-1046. (# 

= co-first author) 

5. Yoon, Y. J. #;  Biesold, G.#;  Liang, S.;  Wang, Z.;  Harn, Y. W.;  Lu, C.-H.;  Kim, 

R.;  Yao, W.;  Lane, S.; James, J. C., Stable Infrared-Emitting Chemical Composition 

Gradient Quantum Dots for Down-Convertors and Photodetectors. ACS Applied Nano 

Materials 2020, 3 (11), 11335-11343. (# = co-first author)  



134 

 

6. Wang, B.#;  Biesold, G. M.#;  Zhang, M.; Lin, Z., Amorphous inorganic 

semiconductors for the development of solar cell, photoelectrocatalytic and photocatalytic 

applications. Chemical Society Reviews 2021, 50 (12), 6914-6949. (# = co-first author) 

7. Liang, S.#;  Zhang, M.#;  Biesold, G. M.#;  Choi, W.;  He, Y.;  Li, Z.;  Shen, D.; 

Lin, Z., Recent Advances in Synthesis, Properties, and Applications of Metal Halide 

Perovskite Nanocrystals/Polymer Nanocomposites. Advanced Materials. 2021, 33 (50), 

2005888. (# = co-first author) 

8. He, Y.;  Yoon, Y. J.;  Harn, Y. W.;  Biesold-McGee, G. V.;  Liang, S.;  Lin, C. H.;  

Tsukruk, V. V.;  Thadhani, N.;  Kang, Z.; Lin, Z., Unconventional route to dual-shelled 

organolead halide perovskite nanocrystals with controlled dimensions, surface chemistry, 

and stabilities. Science Advances, 2019, 5 (11), eaax4424-eaax4424. 

9. Lu, C.-H.;  Biesold-McGee, G. V.;  Liu, Y.;  Kang, Z.; Lin, Z., Doping and ion 

substitution in colloidal metal halide perovskite nanocrystals. Chemical Society Reviews. 

2020, 49 (14), 4953-5007. 

10. Wang, Q.;  Cai, J.;  Biesold-McGee, G. V.;  Huang, J.;  Ng, Y. H.;  Sun, H.;  Wang, 

J.;  Lai, Y.; Lin, Z., Silk fibroin-derived nitrogen-doped carbon quantum dots anchored on 

TiO2 nanotube arrays for heterogeneous photocatalytic degradation and water splitting. 

Nano Energy 2020, 78, 105313. 

11. Wei, P. C.;  Liao, C. N.;  Wu, H. J.;  Yang, D.;  He, J.;  Biesold‐McGee, G. V.;  

Liang, S.;  Yen, W. T.;  Tang, X.; Yeh, J. W., Thermodynamic routes to ultralow thermal 



135 

 

conductivity and high thermoelectric performance. Advanced Materials 2020, 32 (12), 

1906457. 

12. Dong, J.;  Huang, J.;  Wang, A.;  Biesold-McGee, G. V.;  Zhang, X.;  Gao, S.;  

Wang, S.;  Lai, Y.; Lin, Z., Vertically-aligned Pt-decorated MoS2 nanosheets coated on 

TiO2 nanotube arrays enable high-efficiency solar-light energy utilization for 

photocatalysis and self-cleaning SERS devices. Nano Energy 2020, 71, 104579. 

13. Gomez, C. M.;  Pan, S.;  Braga, H. M.;  de Oliveira, L. S.;  Dalpian, G. M.;  Biesold-

McGee, G. V.;  Lin, Z.;  Santos, S. F.; Souza, J. A., Possible Charge-Transfer-Induced 

Conductivity Enhancement in TiO2 Microtubes Decorated with Perovskite CsPbBr3 

Nanocrystals. Langmuir 2020, 36 (19), 5408-5416. 

14. Ge, M.;  Cao, C.;  Biesold, G. M.;  Sewell, C. D.;  Hao, S. M.;  Huang, J.;  Zhang, 

W.;  Lai, Y.; Lin, Z., Recent advances in silicon‐based electrodes: from fundamental 

research toward practical applications. Advanced Materials 2021, 33 (16), 2004577. 

15. Kang, S.;  Biesold, G. M.;  Lee, H.;  Bukharina, D.;  Lin, Z.; Tsukruk, V. V., 

Dynamic Chiro‐Optics of Bio‐Inorganic Nanomaterials via Seamless Co‐Assembly of 

Semiconducting Nanorods and Polysaccharide Nanocrystals. Advanced Functional 

Materials 2021, 31 (42), 2104596. 

16. Li, Z.;  Tang, M.;  Liang, S.;  Zhang, M.;  Biesold, G. M.;  He, Y.;  Hao, S.-M.;  

Choi, W.;  Liu, Y.; Peng, J., Bottlebrush polymers: From controlled synthesis, self-

assembly, properties to applications. Progress in Polymer Science 2021, 116, 101387. 



136 

 

17. Liu, F.-W.;  Biesold, G.;  Zhang, M.;  Lawless, R.;  Correa-Baena, J.-P.;  Chueh, 

Y.-L.; Lin, Z., Recycling and recovery of perovskite solar cells. Materials Today 2021, 43, 

185-197. 

18. Dai, B.;  Biesold, G. M.;  Zhang, M.;  Zou, H.;  Ding, Y.;  Wang, Z. L.; Lin, Z., 

Piezo-phototronic effect on photocatalysis, solar cells, photodetectors and light-emitting 

diodes. Chemical Society Reviews 2021, 50, 13646-13691. 

19. Wang, W.;  Zhang, M.;  Pan, Z.;  Biesold, G. M.;  Liang, S.;  Rao, H.;  Lin, Z.; 

Zhong, X., Colloidal Inorganic Ligand-Capped Nanocrystals: Fundamentals, Status, and 

Insights into Advanced Functional Nanodevices. Chemical Reviews 2022, 122, 3, 4091–

4162. 

20. Ye, M.;  Biesold, G. M.;  Zhang, M.;  Wang, W.;  Bai, T.; Lin, Z., Multifunctional 

quantum dot materials for perovskite solar cells: Charge transport, efficiency and stability. 

Nano Today 2021, 40, 101286. 

21. Zhang, M.;  Biesold, G. M.; Lin, Z., A multifunctional 2D black phosphorene-

based platform for improved photovoltaics. Chemical Society Reviews 2021, 50, 13346-

13371. 

22. Zhang, M.;  Biesold, G. M.;  Choi, W.;  Yu, J.;  Deng, Y.;  Silvestre, C.; Lin, Z., 

Recent advances in polymers and polymer composites for food packaging. Materials 

Today 2022, 53, 134-161. 

 



137 

 

REFERENCES 

REFE REN CES 

(1) Wells, H. L. Über die cäsium‐und kalium‐bleihalogenide. Zeitschrift für anorganische 

Chemie 1893, 3 (1), 195-210. 

(2) Møller, C. K. Crystal structure and photoconductivity of caesium plumbohalides. 

Nature 1958, 182 (4647), 1436-1436. 

(3) Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal halide perovskites as 

visible-light sensitizers for photovoltaic cells. Journal of the American Chemical Society 

2009, 131 (17), 6050-6051. 

(4) Yoo, J. J.; Seo, G.; Chua, M. R.; Park, T. G.; Lu, Y.; Rotermund, F.; Kim, Y.-K.; Moon, 

C. S.; Jeon, N. J.; Correa-Baena, J.-P. Efficient perovskite solar cells via improved carrier 

management. Nature 2021, 590 (7847), 587-593. 

(5) Stranks, S. D.; Eperon, G. E.; Grancini, G.; Menelaou, C.; Alcocer, M. J.; Leijtens, T.; 

Herz, L. M.; Petrozza, A.; Snaith, H. J. Electron-hole diffusion lengths exceeding 1 

micrometer in an organometal trihalide perovskite absorber. Science 2013, 342 (6156), 

341-344. 

(6) Dong, Q.; Fang, Y.; Shao, Y.; Mulligan, P.; Qiu, J.; Cao, L.; Huang, J. Electron-hole 

diffusion lengths> 175 μm in solution-grown CH3NH3PbI3 single crystals. Science 2015, 

347 (6225), 967-970. 



138 

 

(7) Herz, L. M. Charge-carrier mobilities in metal halide perovskites: fundamental 

mechanisms and limits. ACS Energy Letters 2017, 2 (7), 1539-1548. 

(8) Xing, G.; Mathews, N.; Sun, S.; Lim, S. S.; Lam, Y. M.; Grätzel, M.; Mhaisalkar, S.; 

Sum, T. C. Long-range balanced electron-and hole-transport lengths in organic-inorganic 

CH3NH3PbI3. Science 2013, 342 (6156), 344-347. 

(9) Shi, D.; Adinolfi, V.; Comin, R.; Yuan, M.; Alarousu, E.; Buin, A.; Chen, Y.; 

Hoogland, S.; Rothenberger, A.; Katsiev, K. Low trap-state density and long carrier 

diffusion in organolead trihalide perovskite single crystals. Science 2015, 347 (6221), 519-

522. 

(10) Wang, Y.; Li, X.; Zhao, X.; Xiao, L.; Zeng, H.; Sun, H. Nonlinear absorption and low-

threshold multiphoton pumped stimulated emission from all-inorganic perovskite 

nanocrystals. Nano letters 2016, 16 (1), 448-453. 

(11) Yamada, Y.; Yamada, T.; Phuong, L. Q.; Maruyama, N.; Nishimura, H.; Wakamiya, 

A.; Murata, Y.; Kanemitsu, Y. Dynamic optical properties of CH3NH3PbI3 single crystals 

as revealed by one-and two-photon excited photoluminescence measurements. Journal of 

the American Chemical Society 2015, 137 (33), 10456-10459. 

(12) Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.; Caputo, R.; Hendon, C. H.; 

Yang, R. X.; Walsh, A.; Kovalenko, M. V. Nanocrystals of cesium lead halide perovskites 

(CsPbX3, X= Cl, Br, and I): novel optoelectronic materials showing bright emission with 

wide color gamut. Nano Lett. 2015, 15 (6), 3692-3696. 



139 

 

(13) Lan, C.; Zou, H.; Wang, L.; Zhang, M.; Pan, S.; Ma, Y.; Qiu, Y.; Wang, Z. L.; Lin, Z. 

Revealing Electrical‐Poling‐Induced Polarization Potential in Hybrid Perovskite 

Photodetectors. Adv. Mater. 2020, 32 (47), 2005481. 

(14) Pan, S.; Zou, H.; Wang, A. C.; Wang, Z.; Yu, J.; Lan, C.; Liu, Q.; Wang, Z. L.; Lian, 

T.; Peng, J. Rapid Capillary‐Assisted Solution Printing of Perovskite Nanowire Arrays 

Enables Scalable Production of Photodetectors. Angew. Chem. Int. Ed. 2020, 59 (35), 

14942-14949. 

(15) Ramasamy, P.; Lim, D.-H.; Kim, B.; Lee, S.-H.; Lee, M.-S.; Lee, J.-S. All-inorganic 

cesium lead halide perovskite nanocrystals for photodetector applications. Chemical 

communications 2016, 52 (10), 2067-2070. 

(16) Tan, Z.; Wu, Y.; Hong, H.; Yin, J.; Zhang, J.; Lin, L.; Wang, M.; Sun, X.; Sun, L.; 

Huang, Y. Two-dimensional (C4H9NH3) 2PbBr4 perovskite crystals for high-

performance photodetector. Journal of the American Chemical Society 2016, 138 (51), 

16612-16615. 

(17) Sim, K. M.; Swarnkar, A.; Nag, A.; Chung, D. S. Phase Stabilized α‐CsPbI3 

Perovskite Nanocrystals for Photodiode Applications. Laser & Photonics Reviews 2018, 

12 (1), 1700209. 

(18) Xu, Y.; Chen, Q.; Zhang, C.; Wang, R.; Wu, H.; Zhang, X.; Xing, G.; Yu, W. W.; 

Wang, X.; Zhang, Y. Two-photon-pumped perovskite semiconductor nanocrystal lasers. 

Journal of the American Chemical Society 2016, 138 (11), 3761-3768. 



140 

 

(19) Wang, Y.; Li, X.; Song, J.; Xiao, L.; Zeng, H.; Sun, H. All‐inorganic colloidal 

perovskite quantum dots: a new class of lasing materials with favorable characteristics. 

Advanced materials 2015, 27 (44), 7101-7108. 

(20) Yakunin, S.; Protesescu, L.; Krieg, F.; Bodnarchuk, M. I.; Nedelcu, G.; Humer, M.; 

De Luca, G.; Fiebig, M.; Heiss, W.; Kovalenko, M. V. Erratum: Low-threshold amplified 

spontaneous emission and lasing from colloidal nanocrystals of caesium lead halide 

perovskites. Nature communications 2015, 6. 

(21) Sichert, J. A.; Tong, Y.; Mutz, N.; Vollmer, M.; Fischer, S.; Milowska, K. Z.; García 

Cortadella, R.; Nickel, B.; Cardenas-Daw, C.; Stolarczyk, J. K.; Urban, A. S.; Feldmann, 

J. Quantum Size Effect in Organometal Halide Perovskite Nanoplatelets. Nano Letters 

2015, 15 (10), 6521-6527, DOI: 10.1021/acs.nanolett.5b02985. 

(22) Weidman, M. C.; Goodman, A. J.; Tisdale, W. A. Colloidal Halide Perovskite 

Nanoplatelets: An Exciting New Class of Semiconductor Nanomaterials. Chemistry of 

Materials 2017, 29 (12), 5019-5030, DOI: 10.1021/acs.chemmater.7b01384. 

(23) Roghabadi, F. A.; Alidaei, M.; Mousavi, S. M.; Ashjari, T.; Tehrani, A. S.; Ahmadi, 

V.; Sadrameli, S. M. Stability progress of perovskite solar cells dependent on the crystalline 

structure: From 3D ABX 3 to 2D Ruddlesden–Popper perovskite absorbers. J Mater Chem 

A 2019, 7 (11), 5898-5933. 

(24) Chen, Y.; Sun, Y.; Peng, J.; Tang, J.; Zheng, K.; Liang, Z. 2D Ruddlesden–Popper 

Perovskites for Optoelectronics. Advanced Materials 2018, 30 (2), 1-15, DOI: 

10.1002/adma.201703487. 



141 

 

(25) Kamminga, M. E.; Fang, H.-H.; Filip, M. R.; Giustino, F.; Baas, J.; Blake, G. R.; Loi, 

M. A.; Palstra, T. T. Confinement effects in low-dimensional lead iodide perovskite 

hybrids. Chemistry of materials 2016, 28 (13), 4554-4562. 

(26) Zhou, J.; Chu, Y.; Huang, J. Photodetectors based on two-dimensional layer-structured 

hybrid lead iodide perovskite semiconductors. ACS applied materials & interfaces 2016, 8 

(39), 25660-25666. 

(27) Ahmad, S.; Kanaujia, P. K.; Beeson, H. J.; Abate, A.; Deschler, F.; Credgington, D.; 

Steiner, U.; Prakash, G. V.; Baumberg, J. J. Strong photocurrent from two-dimensional 

excitons in solution-processed stacked perovskite semiconductor sheets. ACS applied 

materials & interfaces 2015, 7 (45), 25227-25236. 

(28) Cha, M.; Da, P.; Wang, J.; Wang, W.; Chen, Z.; Xiu, F.; Zheng, G.; Wang, Z.-S. 

Enhancing perovskite solar cell performance by interface engineering using 

CH3NH3PbBr0. 9I2. 1 quantum dots. Journal of the American Chemical Society 2016, 138 

(27), 8581-8587. 

(29) Li, X.; Yu, D.; Cao, F.; Gu, Y.; Wei, Y.; Wu, Y.; Song, J.; Zeng, H. Healing all‐

inorganic perovskite films via recyclable dissolution–recyrstallization for compact and 

smooth carrier channels of optoelectronic devices with high stability. Advanced Functional 

Materials 2016, 26 (32), 5903-5912. 

(30) Wang, Q.; Zhang, X.; Jin, Z.; Zhang, J.; Gao, Z.; Li, Y.; Liu, S. F. Energy-down-shift 

CsPbCl3: Mn quantum dots for boosting the efficiency and stability of perovskite solar 

cells. ACS Energy Letters 2017, 2 (7), 1479-1486. 



142 

 

(31) Zhang, Y.-W.; Wu, G.; Dang, H.; Ma, K.; Chen, S. Multicolored Mixed-Organic-

Cation Perovskite Quantum Dots (FA x MA1–x PbX3, X= Br and I) for White Light-

Emitting Diodes. Industrial & Engineering Chemistry Research 2017, 56 (36), 10053-

10059. 

(32) Muthu, C.; Nagamma, S. R.; Nair, V. C. Luminescent hybrid perovskite nanoparticles 

as a new platform for selective detection of 2, 4, 6-trinitrophenol. RSC advances 2014, 4 

(99), 55908-55911. 

(33) Chen, Q.; Wu, J.; Ou, X.; Huang, B.; Almutlaq, J.; Zhumekenov, A. A.; Guan, X.; 

Han, S.; Liang, L.; Yi, Z. All-inorganic perovskite nanocrystal scintillators. Nature 2018, 

561 (7721), 88-93. 

(34) Park, S.; Chang, W. J.; Lee, C. W.; Park, S.; Ahn, H.-Y.; Nam, K. T. Photocatalytic 

hydrogen generation from hydriodic acid using methylammonium lead iodide in dynamic 

equilibrium with aqueous solution. Nature Energy 2016, 2 (1), 1-8. 

(35) Xu, L.; Chen, J.; Song, J.; Li, J.; Xue, J.; Dong, Y.; Cai, B.; Shan, Q.; Han, B.; Zeng, 

H. Double-protected all-inorganic perovskite nanocrystals by crystalline matrix and silica 

for triple-modal anti-counterfeiting codes. ACS applied materials & interfaces 2017, 9 

(31), 26556-26564. 

(36) Lou, S.; Zhou, Z.; Xuan, T.; Li, H.; Jiao, J.; Zhang, H.; Gautier, R.; Wang, J. Chemical 

transformation of lead halide perovskite into insoluble, less cytotoxic, and brightly 

luminescent CsPbBr3/CsPb2Br5 composite nanocrystals for cell imaging. ACS applied 

materials & interfaces 2019, 11 (27), 24241-24246. 



143 

 

(37) Kovalenko, M. V.; Protesescu, L.; Bodnarchuk, M. I. Properties and potential 

optoelectronic applications of lead halide perovskite nanocrystals. Science 2017, 358 

(6364), 745-750. 

(38) Gonzalez-Carrero, S.; Galian, R. E.; Pérez-Prieto, J. Maximizing the emissive 

properties of CH 3 NH 3 PbBr 3 perovskite nanoparticles. Journal of Materials Chemistry 

A 2015, 3 (17), 9187-9193. 

(39) Gonzalez‐Carrero, S.; Francés‐Soriano, L.; González‐Béjar, M.; Agouram, S.; Galian, 

R. E.; Pérez‐Prieto, J. The luminescence of CH3NH3PbBr3 perovskite nanoparticles crests 

the summit and their photostability under wet conditions is enhanced. Small 2016, 12 (38), 

5245-5250. 

(40) Schmidt, L. C.; Pertegás, A.; González-Carrero, S.; Malinkiewicz, O.; Agouram, S.; 

Minguez Espallargas, G.; Bolink, H. J.; Galian, R. E.; Pérez-Prieto, J. Nontemplate 

synthesis of CH3NH3PbBr3 perovskite nanoparticles. Journal of the American Chemical 

Society 2014, 136 (3), 850-853. 

(41) Hassan, Y.; Ashton, O. J.; Park, J. H.; Li, G. R.; Sakai, N.; Wenger, B.; Haghighirad, 

A. A.; Noel, N. K.; Song, M. H.; Lee, B. R.; Friend, R. H.; Snaith, H. J. Facile Synthesis 

of Stable and Highly Luminescent Methylammonium Lead Halide Nanocrystals for 

Efficient Light Emitting Devices. Journal of the American Chemical Society 2019, 141 (3), 

1269-1279, DOI: 10.1021/jacs.8b09706. 

(42) Zhang, F.; Zhong, H.; Chen, C.; Wu, X.-g.; Hu, X.; Huang, H.; Han, J.; Zou, B.; Dong, 

Y. Brightly Luminescent and Color-Tunable Colloidal CH3NH3PbX3 (X = Br, I, Cl) 



144 

 

Quantum Dots: Potential Alternatives for Display Technology. ACS Nano 2015, 9 (4), 

4533-4542, DOI: 10.1021/acsnano.5b01154. 

(43) Zhang, Y. W.; Wu, G.; Dang, H.; Ma, K. Z.; Chen, S. Multicolored Mixed-Organic-

Cation Perovskite Quantum Dots (FA(x)MA(1-x)PbX(3), X = Br and I) for White Light-

Emitting Diodes. Ind Eng Chem Res 2017, 56 (36), 10053-10059, DOI: 

10.1021/acs.iecr.7b02309. 

(44) Protesescu, L.; Yakunin, S.; Bodnarchuk, M. I.; Krieg, F.; Caputo, R.; Hendon, C. H.; 

Yang, R. X.; Walsh, A.; Kovalenko, M. V. Nanocrystals of Cesium Lead Halide 

Perovskites (CsPbX3, X = Cl, Br, and I): Novel Optoelectronic Materials Showing Bright 

Emission with Wide Color Gamut. Nano Letters 2015, 15 (6), 3692-3696, DOI: 

10.1021/nl5048779. 

(45) Chouhan, L.; Ghimire, S.; Subrahmanyam, C.; Miyasaka, T.; Biju, V. Synthesis, 

optoelectronic properties and applications of halide perovskites. Chem. Soc. Rev. 2020, 49 

(10), 2869-2885. 

(46) Brenner, T. M.; Egger, D. A.; Kronik, L.; Hodes, G.; Cahen, D. Hybrid organic—

inorganic perovskites: low-cost semiconductors with intriguing charge-transport 

properties. Nat. Rev. Mater. 2016, 1 (1), 1-16. 

(47) Brandt, R. E.; Stevanovic, V.; Ginley, D. S.; Buonassisi, T. Identifying defect-tolerant 

semiconductors with high minority-carrier lifetimes: beyond hybrid lead halide 

perovskites. MRS Comm. 2015, 5 (2), 265-275. 

(48) Sze, S. M.; Ng, K. K. Physics of semiconductor devices, John wiley & sons: 2006. 



145 

 

(49) Brenner, T. M.; Egger, D. A.; Rappe, A. M.; Kronik, L.; Hodes, G.; Cahen, D. Are 

mobilities in hybrid organic–inorganic halide perovskites actually “high”? J. Phys. Chem. 

Lett. 2015, 6 (23), 4754-4757. 

(50) Milot, R. L.; Eperon, G. E.; Snaith, H. J.; Johnston, M. B.; Herz, L. M. Temperature‐

dependent charge‐carrier dynamics in CH3NH3PbI3 perovskite thin films. Adv. Funct. 

Mater. 2015, 25 (39), 6218-6227. 

(51) Wehrenfennig, C.; Eperon, G. E.; Johnston, M. B.; Snaith, H. J.; Herz, L. M. High 

charge carrier mobilities and lifetimes in organolead trihalide perovskites. Adv. Mater. 

2014, 26 (10), 1584-1589. 

(52) Noel, N. K.; Stranks, S. D.; Abate, A.; Wehrenfennig, C.; Guarnera, S.; Haghighirad, 

A.-A.; Sadhanala, A.; Eperon, G. E.; Pathak, S. K.; Johnston, M. B. Lead-free organic–

inorganic tin halide perovskites for photovoltaic applications. Energy & Environmental 

Science 2014, 7 (9), 3061-3068. 

(53) Tress, W.; Marinova, N.; Inganäs, O.; Nazeeruddin, M. K.; Zakeeruddin, S. M.; 

Graetzel, M. Predicting the open‐circuit voltage of CH3NH3PbI3 perovskite solar cells 

using electroluminescence and photovoltaic quantum efficiency spectra: the role of 

radiative and non‐radiative recombination. Adv. Energy Mater. 2015, 5 (3), 1400812. 

(54) Nirmal, M.; Brus, L. Luminescence photophysics in semiconductor nanocrystals. 

Accounts of chemical research 1999, 32 (5), 407-414. 

(55) Houtepen, A. J.; Hens, Z.; Owen, J. S.; Infante, I. On the origin of surface traps in 

colloidal II–VI semiconductor nanocrystals. Chemistry of Materials 2017, 29 (2), 752-761. 



146 

 

(56) Brandt, R. E.; Poindexter, J. R.; Gorai, P.; Kurchin, R. C.; Hoye, R. L.; Nienhaus, L.; 

Wilson, M. W.; Polizzotti, J. A.; Sereika, R.; Žaltauskas, R. Searching for “defect-tolerant” 
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