
ABSTRACT 

BATENI, FAZEL. Autonomous Microfluidic Synthesis of Metal Cation-Doped Perovskite 

Quantum Dots. (Under the direction of Dr. Milad Abolhasani). 

 

Lead halide perovskite (LHP) quantum dots (QDs) have emerged as highly promising 

foundational nanomaterials for advanced energy and optoelectronic applications. This PhD thesis 

undertakes an extensive fundamental and applied studies of impurity metal cation doping of LHP 

QDs using modular microfluidic platform integrated with in-situ characterization probes and 

assisted with machine learning tools. The PhD thesis presents the development and deployment 

of a self-driving fluidic lab (SDFL) for accelerated discovery, development, optimization, and 

fundamental mechanistic studies of metal cation-doped LHP QDs. We further leverage the 

reconfigurability of SDFLs to enable facile transition from fast-tracked parameter space 

navigation to on-demand continuous manufacturing of QDs. This PhD thesis encompasses QD 

synthesis and metal-cation doping chemistries operating at both room and high reaction 

temperatures, unlocking new possibilities for tailored material properties and applications. 

The first specific aim of this PhD thesis studies flow chemistry strategies for metal cation 

doping in LHP QDs. We then utilize the developed flow chemistry approach for funadametnal 

mechanistic studies of room-temperature manganese (Mn2+) doping of CsPbCl3 QDs by 

employing an automated modular microfluidic platform. This study is the first report of ultrafast 

metal-cation doping of LHP QDs at room temperature. Through real-time monitoring of the QD 

optical properties, we elucidate the kinetics and mechanism of a post-synthetic room-temperature 

metal cation doping process, enabling precise emission properties tuning of Mn-doped CsPbCl3 

QDs through in-flow concentration adjustments of MnCl2 as the Mn2+ ion source. Leveraging the 

exceptional time resolution of monitoring the LHP QD doping process (as low as 60 ms), 



enabled by the microfluidic platform, we unveil a two-stage heterogeneous surface doping 

mechanism facilitated by vacancy-assisted migration of metal cations. Additionally, we utilize 

the room-temperature metal-cation doping chemistry for ultrafast continuous nanomanufacturing 

of Mn-doped CsPbCl3 QDs. The results of the first specific aim of this PhD thesis enabled the 

development of an automated and modular flow chemistry platform for reproducible and precise 

synthesis of colloidal QDs, serving as the core physical infrastructure of SDFLs.  

The second specific aim of this PhD study, building upon the progress of the first specific 

aim, investigates integration of machine learning with flow chemistry to build an SDFL for 

autonomous development of metal-cation-doped LHP QDs via a sequential halide exchange and 

metal cation doping of LHP QDs using room-temperature chemistries. By integrating the 

modular flow chemistry platform with a Bayesian framework, we demonstrate constructing a 

digital twin of the two-stage halide exchange and metal-cation doping of CsPbBr3 QDs for 

fundamental mechanistic studies. Next, we utilize the digital twin as a surrogate model for on-

demand tuning of the LHP QD properties and metal-cation doping level. The developed SDFL 

accelerates navigation through the multivariate reaction space of the synthesis and metal-cation 

doping of LHP QDs.  

In order to further enhance the quality of metal cation-doped LHP QDs, there exists a 

compelling need to explore and establish flow chemistry synthetic routes operating at high 

temperatures. Thus, the third specific aim of this PhD thesis focuses on the establishment of an 

SDFL for one-pot high-temperature metal-cation doping of LHP QDs. In the third specific aim 

of this PhD thesis, we unveil Smart Dope, that is a self-driving fluidic lab for autonomous high-

temperature synthesis, development, and manufacturing of multi cation-doped LHP QDs. 

Notably, Smart Dope marks the first in-flow multiple impurity cation doping of LHP QDs 



operating at high reaction temperatures. Through convergence of reliable in-situ spectral 

characterization, high-temperature in-flow QD synthesis, high throughput in-flow screenings, 

and closed-loop autonomous experimentation, we present a homogeneous inward diffusion 

doping mechanism of multi-cation-doped LHP QDs. Leveraging the capabilities of Smart Dope, 

including automated process operation and machine learning-assisted experiment-selection, we 

successfully identify the optimal synthetic route of multi-cation-doped LHP QDs exhibiting the 

highest photoluminescence quantum yield reported to date (158%). We further demonstrate the 

knowledge scalability of the autonomously discovered synthetic route by SDFL for continuous 

manufacturing of high-performing multi-cation-doped LHP QDs. 

The findings presented in this thesis significantly contribute to the fundamental 

understanding of impurity metal cation doping in LHP QDs. Moreover, they demonstrate the 

remarkable potential of the developed SDFL technology for accelerated mechanistic studies, 

synthetic route discovery, optimization, and on-demand continuous manufacturing of emerging 

advanced energy materials. These advanced in-flow strategies and platforms have great 

potentials to open up new avenues for the design and synthesis of novel semiconductor 

nanocrystals with tailored optoelectronic properties, paving the way for their widespread 

application in advanced energy and photonic technologies. 
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CHAPTER 1: Background and Motivation on Flow Synthesis of Metal Halide Perovskite 

Quantum Dots 

1.1 Introduction 

Since their discovery in 2015,1 lead (Pb) halide perovskite quantum dots (PQDs) have 

gained significant attention for a wide range of applications in energy and chemical technologies, 

including photovoltaics,2ï6 light-emitting-diodes,7ï9 displays,10 lasers,11 photo-catalysis,12ï14 and 

photodetectors.15 As a new class of quantum dots (QDs), Pb halide PQDs have exhibited 

outstanding performance in the field owing to their unique size- and composition-dependent 

optoelectronic properties, including narrow photoluminescence (PL)  bandwidth, high mobility 

and long diffusion pathlength of charge carriers, and near-unity PL quantum yield 

(PLQY>95%).1,16ï20  

The relatively high PLQY and optical absorption of Pb halide PQDs are mainly attributed 

to their defect-tolerant crystalline structure combined with high mobility of charge carriers which 

diminish the possibility of non-radiative exciton recombination.1,21ï25 Pb halide PQDs can be 

broadly categorized into two groups of fully-inorganic and hybrid organic-inorganic PQDs with 

the common formula of APbX3, in which A represents monovalent organic/inorganic cations 

(e.g., cesium (Cs), formamidinium (FA), methylammonium (MA), or a mixture of cations), and 

X represents halide anions (Cl-, Br-, I-, or mixed halides). In their three-dimensional perovskite 

structure, Pb and halide ions form a network of corner-shared octahedra, [PbX6], in which the 

voids created by the [PbX6] network are filled with A-site cations (Figure 1-1).26,27  Moreover, to 

maintain the stability and symmetry of the perovskite structures, the choice of A-site cations (or 

mixed cations) must meet the size restrictions determined by the Goldschmidt tolerance factor 

(0.8-1)26ï30 and the octahedral factor (0.4-0.8).26 In contrast to conventional chalcogenide QDs, 



   

2 

 

Pb halide PQDs possess superior optoelectronic properties (e.g., high PLQY, facile bandgap 

tunability, narrow PL bandwidth) and processing versatility (e.g., simpler solution-based 

synthesis, lower manufacturing costs) without an additional electronic surface passivation 

layer.17,23,31 

To obtain high crystallinity and unveil the quantum-confined properties in Pb halide 

PQDs, two solution-based synthesis approaches are commonly used in batch reactors: (i) hot-

injection method and (ii ) ligand-assisted reprecipitation strategy (LARS).32 In both synthesis 

techniques, several key reaction parameters, including reaction temperature, growth time, 

structure and concentrations of surface capping ligands, and precursor concentrations are varied 

to achieve monodisperse PQDs with different sizes and optoelectronic properties.32,33 

Conventionally, batch (i.e., flask-based) reactors have been utilized for fundamental and applied 

studies of colloidal QDs. However, the fast formation kinetics of Pb halide PQDs1,34 may result 

in batch-to-batch variation, prolonged experimental times (heat up/cool down delays), size 

broadening in as synthesized PQDs, and large-scale manufacturing difficulties in batch 

reactors.35ï37 Furthermore, non-uniform heat and mass transfer rates, irreproducible/uncontrolled 

mixing times, and lack of access to in-situ characterization probes in batch reactors result in an 

unfavorable synthesis environment for Pb halide PQDs, making it difficult for all precursors to 

follow identical and consistent precursor conversion rates as well as nucleation and growth 

pathways.35ï37 Additionally, due to the PQD size broadening phenomenon observed in batch 

reactors, typically multi-stage size selective purification/separation steps are required to achieve 

highly monodisperse QDs for characterization purposes. 

The fast nucleation and growth kinetics of Pb halide PQDs1,34 requires meticulous control 

over the massive colloidal synthesis parameter space to achieve high-quality Pb halide PQDs 
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(i.e., high PLQY and narrow size distribution) with application-specific optoelectronic 

properties. Recently microscale flow synthesis strategies have been successfully utilized as a 

reliable/reproducible synthesis technique for accelerated fundamental and applied studies of Pb 

halide PQDs.38ï52 The microscale flow synthesis field typically deals with studies of single- or 

multi-phase chemical reactions in micro- or milli -fluidic channels.53ï55 Microscale flow synthesis 

systems are characterized by low Reynolds (Re) number (Equation 1-1) and are mostly in the 

laminar regime: 

(ὙὩ  )           (Equation 1-1)   

where ”ȟόȟὈȟ and – represent fluid density, flow velocity, channel diameter, and fluid 

viscosity, respectively. Figure 1-1 illustrates an overview of in-flow synthesis and 

characterization of Pb halide PQDs utilizing modular fluidic microprocessors. The microscale 

flow synthesis platforms utilized for the controlled synthesis of Pb halide PQDs typically consist 

of three main modules (Figure 1-1), including a precursor formulation module, a flow synthesis 

module (i.e., microfluidic reactor), and an in-situ diagnostics module (inset of Figure 1-1). 

Microfluidic reactors offer several distinct advantages compared to batch reactors for Pb halide 

PQD synthesis: (i) enhanced heat and mass transfer rates (process intensification), (ii ) rapid and 

controllable precursor mixing time, (iii ) precise process control via automation, (iv) reduced 

reagent consumption while minimizing waste generation for exploratory studies of PQDs, (v) in-

situ and real-time PQD characterization, (vi) high-throughput experimentation, and (vii ) 

accelerated parameter space mapping and optimization.38ï40,42,45,49,51,56ï59 Consequently, 

microscale flow synthesis platforms enable time-, material-, and cost-efficient exploration and 

development of Pb halide PQDs.38,39 Microscale flow synthesis platforms can also be employed 

for the elucidation of complex nucleation and growth mechanisms underlying the formation of 
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PQDs. In addition to fundamental studies of formation of PQDs, flow synthesis strategies can be 

applied towards continuous manufacturing of high-quality PQDs with application-guided 

physicochemical and optoelectronic properties.60 

The precursor chemistry, colloidal synthesis, post-synthesis modifications, and optoelectronic 

properties of Pb halide PQDs have previously been discussed in multiple excellent 

comprehensive review articles.31,61ï66 Moreover, the general characteristics of microfluidic 

reactors for synthesis of solution-processed nanomaterials have been previously reported 

elsewhere.67ï73  

In this chapter article, we specifically focus on the rapidly growing microfluidic studies 

of Pb halide PQDs38ï52 and provide insights into how modular flow synthesis platforms can 

facilitate further advancements of this important class of semiconducting materials. In section 

1.2, we briefly introduce the basics of microfluidic colloidal synthesis and discuss the important 

flow synthesis design parameters. In section 1.3, we discuss the main components of microscale 

flow synthesis platforms, essential for the controlled synthesis of Pb halide PQDs. Next, we 

provide an overview of the recent flow synthesis efforts focused on the colloidal synthesis, in-

situ characterization, post-synthesis processing, mechanistic studies, and optimization of Pb 

halide PQDs. We will conclude with discussing the current challenges and potential future 

directions in this rapidly growing area of research. We hope this PhD study accelerates the 

adoption of flow synthesis techniques by materials scientists and enable a paradigm shift in the 

way colloidal PQDs are synthesized. 
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Figure 1-1. Schematic Illustration of In-Flow Synthesis and Characterization of Pb Halide PQDs. 

The illustration provides a schematic of a two-phase flow synthesis platform for controlled 

synthesis of Pb halide PQDs with precursor formulation, flow synthesis, and in-situ diagnostics 

modules. The inset shows physicochemical and optoelectronic properties of Pb halide PQDs that 

can be obtained through in-situ absorption and PL spectroscopy. 

 

1.2 Microfluidic Colloidal Synthesis 

1.2.1 Flow Format Matters: Single- vs. Two-phase Flow Synthesis  

Single-phase flow material synthesis is the simplest form of colloidal synthesis and is 

normally sought after due to its relative design simplicity, ease of set-up, and flow uniformity for 

multi-step sequential synthesis.74ï82 However, in-flow synthesis of Pb halide PQDs utilizing 

microscale single-phase flow format imposes two major drawbacks, namely axial dispersion83 

and fouling.84 Axial dispersion in laminar flow is a fluid phenomenon characterized with a 

parabolic velocity profile (top channel, inset of Figure 1-2), where the PQD monomers are non-
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uniformly distributed radially and axially within the microchannel, thereby resulting in variable 

PQD growth rates along the flow direction. The dominance of axial dispersion in single-phase 

flow synthesis constrains the mass transfer rate due to the slow diffusion rates, resulting in broad 

residence time distributions,85 making it challenging for characterizing reactions with fast 

kinetics (e.g., Pb halide PQD synthesis). Furthermore, when utilizing single-phase flow format, 

the species (e.g., PQDs) near the microchannel wall reside longer in the flow reactor than the 

ones closer to the center of the microchannel (parabolic velocity profile).85,86 The difference in 

the residence time of PQDs leaving the flow reactor for a fixed total flow rate directly translates 

into a wide size distribution of the resulting PQDs. Additionally, the direct contact of the reactive 

phase with the microchannel walls in the single-phase flow synthesis can result in reactor fouling 

due to deposition of PQDs on the surface of the microchannel walls during the nucleation or 

growth stages. The limitations of single-phase flow format for synthesis of colloidal PQDs can 

be eliminated by using an inert carrier phase, immiscible with the reactive phase to form two-

phase flow (inset of Figure 1-2). 
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Figure 1-2. PQD Flow Synthesis Formats and Microreactor Design Parameters. The inset shows 

schematics of Pb halide PQD flow synthesis utilizing single- and two-phase flow formats. 

 

The introduction of a second phase results in the formation of axisymmetric recirculation 

zones that induce chaotic advection (enhanced mass transfer rates) inside the moving plugs or 

slugs (i.e., the reactive phase containing the PQDs),87,88 resulting in narrowed residence time 

distribution.85 The type of the carrier phase (i.e., inert fluid immiscible with the PQD mixture) 

and the surface force balance on the microchannel walls can result in formation of plugs (middle 

channel, inset of Figure 1-2) or slugs (bottom channel, inset of Figure 1-2) containing the PQD 

mixture. The choice of the carrier phase fluid (gas or liquid) in the two-phase flow material 

synthesis strategies depends on the PQD synthesis temperature and solvent. Perfluorinated oil is 

the preferred carrier fluid for relatively low temperature synthesis (<180 °C) as it can completely 
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remove the contact between the reactive PQD phase (liquid plug) and the microchannel wall (no 

axial dispersion) in the case of Teflon as the microfluidic reactor substrate. Gas can be 

considered as the preferred carrier fluid choice for high temperature PQD synthesis (>180 °C), 

because higher temperatures can lead to increased PQD solvent miscibility with perfluorinated 

oil.85 It has also been demonstrated that stable and uniform microscale gas-liquid flow can be 

achieved over a larger range of Re numbers89,90 than liquid-liquid flow.87,91 Moreover, the gas-

liquid flow format does not require an additional separation step upon completion of the PQD 

synthesis in flow, since the gas phase can be easily separated from the reactive PQD phase. 

Despite the advantages of gas-liquid flow synthesis format, it suffers from the presence of a 

lubrication film around the gas phase that connects two successive reactive liquid slugs.92ï94 The 

presence of the lubrication film might lead to small axial dispersion (significantly lower than 

single-phase flow) and flow reactor fouling over extended period of time, due to the contact of 

the reactive PQD phase with the microchannel walls. Using a carrier phase fluid (e.g., 

perfluorinated oil) that completely separates the reactive PQD mixture (liquid plug) from the 

microchannel wall can address the potential axial dispersion and fouling issues of gas-liquid flow 

synthesis strategies. 

1.2.2 Flow Synthesis Design Parameters  

In this section, we will discuss the important design parameters to consider for the in-

flow synthesis of Pb halide PQDs. Flow synthesis design parameters provide a universal 

framework that guides researchers in the decision making and flow reactor design process to 

achieve controlled flow synthesis of Pb halide PQDs. The relevant flow reactor design 

parameters for in-flow synthesis of PQDs can be divided into two categories, mass transfer and 

fluid dynamics design parameters, shown in Figure 1-2. Mass transfer design parameters include 
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chaotic mixing time (tchaotic), Damkohler number (Da), and Peclet number (Pe). Mass transfer 

parameters define the inter-droplet mass transport dynamics, ranging from precursor mixing 

efficiency to mass transfer-controlled reaction kinetics. Fluid dynamics design parameters, 

including Weber number (We), Capillary number (Ca) and Bond number (Bo) provide an 

account of how the liquid phases interact with each other and the microchannel wall.  

1.2.3 Mass Transfer Design Parameters 

When designing a microscale flow synthesis platform for controlled synthesis of Pb 

halide PQDs, one of the important parameters that needs to be considered is Da, which relates 

the reaction rate to diffusion rate of precursors (Figure 2-1).36,86 In the absence of rate 

information, Da can also be represented as the ratio of diffusion time to the reaction time. 

Diffusion time (tdiff) can be calculated using Equation 2,95,96 and provides a good approximation 

for radial mixing across the microchannel wall in a single-phase flow system operating in the 

laminar regime. 

ὸ                               (Equation 1-2) 

where tDiff  is diffusion time, x is the characteristic diffusion length, and DAB is the 

molecular diffusivity. Da can be used to explain the characteristics of PQD synthesis in flow. For 

Da < 1, the PQD synthesis is operating in a reaction-limited regime where the reaction rate is the 

limiting step. Alternatively, it means that chemical species (precursors and monomers) are mixed 

at a rate faster than they are being consumed, which leads to a homogeneous reaction 

environment for the PQD synthesis and thereby less heterogeneity in the resulting PQDs. Da < 1 

is the desired range to conduct PQD synthesis for accurate mechanistic and rate determining 

studies.36 In contrast, when Da > 1, the PQD synthesis is considered to be mass transfer-limited, 

or the mixing rate is not high enough to keep up with the fast formation kinetics. One of the 
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causes for Da > 1 is slow mixing rates, which is very common in most batch systems, and is 

mostly the case for Pb halide PQD synthesis due to their fast intrinsic formation kinetics. 

Operating in the flow regime corresponding to Da > 1 is unfavorable since it can result in an 

inhomogeneous synthesis environment and leads to inhomogeneity in the resulting PQDs. Da of 

a specific reaction can be lowered by either slowing the reaction rate or by improving the 

precursor mixing dynamics. The former is unfavorable in many cases since it would involve 

changing the reaction temperature, pressure, or precursor concentrations, all of which have the 

possibility of changing the PQD nucleation and growth pathways and yields. The latter involves 

increasing the agitation in the reaction vessel or using smaller reactor dimensions to decrease the 

characteristic diffusion length (reducing diffusion time) (Equation 1-2). Two-phase microfluidic 

reactors are the case of drastically reducing the reaction vessel dimensions, while providing 

enhanced mixing rates inside the moving reactive phase. 

Pe relates two mass transfer mechanisms in the flow synthesis of PQDs: advection and 

diffusion. Typically, Pe values ranging between 103-105 is favorable for operating colloidal 

synthesis in a microfluidic reactor,90 where mixing rates is considered to be fast enough while the 

average flow velocity is not excessively high to cause flow non-uniformity and instability. 

The characteristic diffusion length (x) for single-phase flow can be approximated as half 

of the microchannel hydrodynamic diameter. However, in two-phase flow synthesis strategies, 

due to the formation of the recirculation patterns, the value of x reduces to a quarter of the 

microchannel hydrodynamic diameter.  Thus, Da and Pe values corresponding to PQD synthesis 

can be reduced by one fourth and one half, respectively, when operating the synthesis under the 

two-phase flow format compared to the single-phase flow.  
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The mixing time inside the reactive liquid plug (or slug) moving within a microchannel 

can be approximated using chaotic mixing time (tchaotic) equation which represents the 

effectiveness of serpentine microchannels in enhancing mixing rates within the reactive liquid 

plugs.87,97,98 In order to achieve the desired Da regime while operating PQD synthesis in flow, 

care must be taken to ensure tchaotic is fast enough such that the synthesis is operating under Da < 

1. The mixing rates within the reactive plug (or slug) can be enhanced by: (i) minimizing the 

slug/plug length by manipulating the flow rate ratio of the two phases, (ii ) reducing the 

microchannel hydrodynamic diameter, and (iii ) increasing the average flow velocity. 

Rational design of microscale flow synthesis strategies for controlled synthesis of high-

quality Pb halide PQDs requires consideration of the flow reactor fluid dynamics in conjunction 

with the mass transfer design parameters. As shown in Figure 1-2, there are many design 

variables that affect both mass transfer and fluid dynamics design parameters. Thus, reasonable, 

optimal values should be attained for high-quality and reproducible flow synthesis of PQDs. For 

example, increasing the flow velocity enhances mass transfer rates (lower Da and tchaotic, higher 

Pe), but it also affects both We and Ca that are crucial to obtain a uniform, stable two-phase 

flow. 

1.2.4 Fluid Dynamics Design Parameters 

Ca represents the effect of viscous forces in relation to the surface tension between two 

immiscible fluids (liquid-liquid, gas-liquid). Bo, also referred to as Eötvös number, provides an 

indication of how dominant gravitational forces are relative to surface tension forces. Generally, 

to maintain and achieve a stable two-phase flow, viscous and surface tension forces should 

dominate the gravitational and inertial forces which is reflected in Ca and Bo values less than 

0.01 in circular microchannels.99 Ca values higher than 0.01 (increasing the flow velocity or 
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fluid viscosity) leads to undesirable annular flow format in most cases.99 Values of Bo are more 

flexible than Ca, and can be increased as high as 0.3, while achieving stable two-phase flow. 

However, increasing Bo values close to 1 (e.g., by increasing the microchannel diameter), causes 

the lubrication film around the reactive PQD plugs to break due to the Laplace pressure gradient 

around the liquid plug that arises from increased effect of gravitational forces as the 

characteristic length scale increases.100 We relates the fluid inertia to surface tension and is 

mostly used for two-phase flow systems. We is crucial for the stable formation of PQD plugs (or 

slugs) in two-phase flow synthesis, where We < 1 should be maintained in order to prevent a 

jetting flow.101,102 For We > 1, the inertial forces become dominant which hinders stable plug 

formation and leads to jetting.101,102  

1.3 Microfluidic Synthesis of Pb Halide PQDs: From Microreactor Design to Continuous 

Flow Synthesis 

In this section, we provide an overview of different modules of microscale flow synthesis 

platforms for controlled synthesis of Pb halide PQDs. Next, we discuss the in-situ diagnostics 

toolkit currently available to flow synthesis platforms for high-throughput screening and 

accelerated synthesis science studies of Pb halide PQDs. The last part of this section will be 

devoted to the recent efforts in low- and high-temperature flow synthesis of Pb halide PQDs, 

summarized in Figure 1-3. 
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Figure 1-3. Summary of Recent In-Flow Synthesis Science Studies of Pb Halide PQDs. The 

colored boxes imply that the specific parameter was included in the corresponding study. * ñLowò 

and ñHighò refer to synthesis temperatures lower and higher than 100ÁC, respectively.  

 

1.3.1 Flow System Components  

A typical microscale flow synthesis platform consists of four essential components, 

including (i) precursor feeding (e.g., syringe pumps, pressure-driven pumps), (ii)  fluidic routing 

(e.g., tubing, fluidic connections, fittings, valves), (iii)  passive or active micromixers, and (iv) 

precursor and flow reactor heating (e.g., heating jackets, coils, oil bath) modules. In-situ PQD 

characterization module (e.g., PL and UV-Vis absorption spectroscopy) is an optional 

component that can be readily integrated with microfluidic reactors.69,71,72 A comprehensive 

review of different available precursor delivery mechanisms and micromixers are provided 

elsewhere.71 

Microfluidic reactors can be classified into tube/capillary-based and microfabricated 

reactors. Both types of microfluidic reactors have been utilized for the flow synthesis of Pb 
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halide PQDs.38ï45,47ï51,56,103ï105 Tube and capillary-based microfluidic reactors utilizing either 

commercially available Teflon tubing or glass capillaries which provide ease of microreactor 

assembly and rapid reconfigurability, while microfabricated reactors provide fully integrated 

processes within a small footprint (e.g., intensified mixing, rapid multi-precursor 

injection).35,53,58,106,107   

Microfabricated flow reactors, utilizing reactive etching or additive manufacturing 

techniques, provide a compact design, but are more expensive than capillary/tube-based flow 

reactors and in case of fouling/clogging might have to be replaced with a new reactor. Li et al.103 

utilized additive manufacturing (3D printing using methacrylate photopolymer resin) to fabricate 

a microfluidic reactor for the continuous synthesis of hybrid organic-inorganic Pb halide PQDs 

(methylammonium Pb halide, MAPbX3) with tunable size and emission colors. The flow rate of 

precursors and capillary diameters were adjusted in order to maintain identical growth 

environment for the PQD monomers during the supersaturation step.  

Compared to microfabricated flow reactors, tube/capillary-based flow synthesis reactors, 

owing to their ease of reactor replacement and flexibility have been more widely utilized for the 

in-flow studies of colloidal Pb halide nanostructures, including PQDs, nanowires, and 

nanoplatelets (NPLs).38ï45,47,48,50,56,103ï105 For example, Zhang et al.52 developed a tube-based 

flow reactor for the rapid synthesis of quantum-confined cesium lead bromide (CsPbBr3) 

nanowires. Polytetrafluoroethylene (PTFE) tubing with an off-the-shelf Y-junction micromixer 

was utilized to achieve controlled flow synthesis of CsPbBr3 nanowires.52 In a different study, 

Wei et al.104 used a capillary-based flow reactor with a flow-focusing geometry for the 

continuous flow synthesis of fully-inorganic Pb halide PQDs. The flow synthesis of Pb halide 

PQDs in this study was based on a flow-induced phase separation strategy triggered by the 
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polarity difference between the precursor solvent (dimethylformamide) and the reaction solvent 

(isopropanol).104 A detailed discussion of the different microscale flow synthesis platforms 

developed for high-throughput screening and fundamental studies of Pb halide PQDs is provided 

in Section 1.3.3.  

1.3.2 In -situ Spectroscopy 

Pb halide PQDs are an optically active class of materials and therefore, optical 

spectroscopic techniques can be utilized to reveal their optoelectronic properties, including 

bandgap energy, peak emission energy, and PLQY. Microscale flow synthesis strategies allow 

for facile integration of multimodal in-situ diagnostic modules with the fluidic microreactor 

(inset of Figure 1-1). Integration of in-situ diagnostic probes with microscale flow synthesis 

reactors enables rapid colloidal synthesis parameter space exploration of Pb halide PQDs without 

the need for time-, labor-, and material-intensive conventional off-line characterization 

techniques. Such in-situ diagnostic modules enable access to the important optical and structural 

characteristics of the PQDs synthesized in flow. UV-Vis absorption and PL spectroscopy are the 

most utilized in-situ characterization techniques that provide valuable insights into the properties 

of in-flow synthesized colloidal PQDs (inset of Figure 1-1). Recently, time-correlated single 

photon counting (TCSPC) has also been added to the diagnostic toolkit available to microscale 

flow synthesis platforms (Figure 1-4).45,47,51 Figure 4 shows an exemplary set of PL (Figure 1-4A 

and 1-4D) 45,51 and absorption (Figure 1-4B and 1-4E) 45,51 spectra as well as PL decay (Figure 1-

4C) 47 and PLQY(Figure 1-4F) 51 of in-flow synthesized Pb halide PQDs, acquired through in-

situ diagnostic modules.  
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Figure 1-4. Examples of In-situ PL, Absorption, and Fluorescence Lifetime Spectroscopy 

Modules. (A) High resolution PL and (B) absorption spectra of Pb halide PQDs over the course of 

room temperature halide exchange reactions (optical spectra of the starting CsPbBr3 QDs is shown 

in black). Both reproduced with permission from Abdel-Latif et al.45 Copyright 2019, WILEY-

VCH. (C) PL decay of CsPbX3. Reproduced with permission from Lignos et al.47 Copyright 2019, 

American Chemical Society. In-situ obtained (D) PL and (E) absorption spectra of CsPbCl3 PQDs 

in a two-phase flow reactor. (F) AI-enabled construction of CsPbX3 Pareto front through halide 

exchange reactions. Reproduced with permission from Epps et al.51 Copyright 2020, WILEY-

VCH. 

 

The peak emission energy (or wavelength) corresponds to the emission color of the Pb 

halide PQDs (inset of Figure 1-1). The full-width-at-half-maximum (FWHM) of the PL spectra 

is an indicator of the homogeneity of PQD size or composition; a narrow FWHM is indicative of 

a homogenous distribution.108ï110 Interquartile range can be used as a substitute for FWHM for 

multimodal fluorescence peaks.49  

The in-situ measured absorbance at a specific energy (or wavelength) in combination 

with the Beer-Lambart law (ὃ ὅצ ὒ, where ⱦ is the molar extinction coefficient, CPQD is the 

PQD concentration, and L is the light pathlength in the microchannel) can be utilized to calculate 

the PQD concentration. In order to calculate CPQD in a flow reactor under different synthesis 
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conditions, accurate values of ,᷾ independent of the PQD size are required. De Roo et al.111 have 

reported the experimentally measured values of  ᷾for cesium lead bromide (CsPbBr3) PQDs by 

complementing the UV-Vis absorption spectra with inductively coupled plasma mass 

spectrometry. Furthermore, the first excitonic peak energy obtained from the absorption spectra 

of PQDs (inset of Figure 1-1), in combination with the effective mass approximation equation, 

can be utilized to calculate the size of PQDs synthesized in flow for each synthesis condition.1,112 

The correlation between the first excitonic peak and the PQD size can also be established 

through a series of UV-Vis absorption spectroscopy measurements complemented with 

transmission electron microscopy (TEM) measurements.  

Absorption and PL spectra of PQDs obtained in-situ, can also be utilized for quality 

assessment of the in flow-synthesized PQDs through PLQY calculation. PLQY of PQDs 

indicates how efficient the synthesized nanocrystals are at emitting photons (energy loss through 

surface trap states) and is considered as one of the most important optoelectronic properties for 

downstream applications of Pb halide PQDs.  

In addition to absorption and PL spectroscopy, fluorescence lifetime (FLIT) measurement 

of PQDs can also be integrated with microscale flow synthesis platforms. Recently, TCSPC47 

technique has been successfully integrated with a microfluidic reactor, further expanding the 

available in-situ diagnostic capabilities of microscale flow synthesis platforms for accelerated in-

flow studies of PQDs. TCSPC can be utilized to reliably measure PLQY of in-flow synthesized 

PQDs irrespective of the sample concentration. 

FLIT, enabled by TCSPC, provides an additional avenue to assess the quality and 

optoelectronic properties of Pb halide PQDs. Mono-exponential and multi-exponential decay 

behaviors correspond to high and low PLQY values of QDs, respectively.113 FLIT also provides 
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valuable insights into the stability of Pb halide PQDs, where surface defects and aging alter their 

PL lifetime.113 Surface traps result in fast irreversible non-radiative trapping of charge carriers, 

which shortens the measured PL lifetime. While shallow trap states can extend PL lifetime by 

temporally trapping the charge carrier and delaying its return.114 Furthermore, FLIT can be 

employed to evaluate the colloidal stability of Pb halide PQDs. Aggregation of PQDs facilitate 

the migration of exciton and charge carrier which causes a red-shift in the transient PL spectra 

and results in longer PL lifetime due to the build-up of electrons in the deepest states.114,115 

However, segregated PQDs should hamper carrier migration and minimize the number of deep 

traps, resulting in short PL lifetimes.114 Lignos et al.47 were the first to integrate FLIT with a 

microscale flow synthesis reactor as a diagnostics tool for accelerated in-flow studies of CsPbX3 

(X = Br, I) PQDs. FLIT exhibited a strong correlation with Pb:Cs ratio for all halide 

compositions tested. Utilizing the in-situ FLIT measurement, it was reported that the average 

lifetime of CsPbI3 PQDs decreased upon increasing the Pb:Cs ratio, while an opposite behavior 

was observed for CsPbBr3. Furthermore, the effect of temperature on the FLIT of Pb halide 

PQDs was studied. It was observed that the FLIT of CsPbBr3 PQDs increased with temperature 

reaching a maximum at 180°C, due to confinement effect, then decreased with higher 

temperatures because high temperatures resulted in lower PL intensities. The same behavior was 

observed for CsPbI3 PQDs. The type of halide used had a significant effect on FLIT where 

heavier halides resulted in longer FLITs due to the Fermi golden rule,116 while lighter halides 

(and smaller PQDs) exhibited shorter FLIT.117 However, the authors were cautious to point out 

that longer in-situ measured FLIT of Pb halide PQDs with heavier halides might be also 

explained by the formation of metastable charge separated states.47,114  
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1.3.3 Microscale Flow Synthesis of Pb Halide PQDs 

Microscale flow synthesis platforms provide unique capabilities for reproducible and 

high-quality synthesis of colloidal Pb halide PQDs under a precisely controlled reaction 

environment. The in-flow synthesis of Pb halide PQDs can be broadly classified into two 

synthesis approaches: (i) high- and (ii)  low-temperature synthesis, shown in Figure 1-5. Both in-

flow colloidal synthetic routes are discussed below. 

1.3.3.1 Pb Halide PQDs: High-Temperature Synthesis  

High-temperature, heat-up synthesis, has been utilized as the most common approach for 

the in-flow synthesis of Pb halide PQDs.38,40,41,43,44,47 Microscale flow synthesis of Pb halide 

PQDs was first introduced, in 2016, by deMello and Kovalenko et al., 38 where a two-phase 

microfluidic reactor integrated with a multimodal in-situ diagnostic probe (PL and UV-Vis 

absorption spectroscopy) was utilized for the controlled synthesis of fully -inorganic Pb halide 

PQDs (Figure 1-5A). The heat-up synthesis of Pb halide PQDs was performed through formation 

of a train of reactive phase plugs within an inert continuous phase (perfluorinated oil) at a multi-

port fluidic junction at room temperature, followed by rapid in-flow heating in the heated section 

of the perfluoroalkoxy (PFA) tubing. The PFA tubing was coiled around a heating rod equipped 

with a thermocouple and temperature controller to monitor and tune the user-defined reaction 

temperature. Utilizing the developed microfluidic platform, the large colloidal synthesis 

parameter space associated with Pb halide PQDs (e.g., reaction temperatures, residence times, 

Pb:Cs and Pb:X molar ratios) was rapidly explored across the reaction time and temperature 

ranging from 0.1s-10s and 120°C-200°C, respectively. The mapped parameter space of Pb halide 

PQDs was then utilized for controlled synthesis of CsPbX3 PQDs across the visible spectrum. 

Cesium-oleate (i.e., Cs2CO3 salt and oleic acid (OA) dissolved in 1-Octadecene (ODE)) and 
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PbX2 (i.e., PbX2 salt, OA, and oleylamine (OAm) dissolved in ODE) were used as the PQD 

precursors.  

 
Figure 1-5. Microscale Flow Synthesis Platforms for High- and Low-Temperature Synthesis of 

Pb Halide PQDs. (A) A two-phase microfluidic platform equipped with in-situ PL and UV-Vis 

absorption spectroscopy module for high-temperature flow synthesis of fully-inorganic CsPbX3 

PQDs. Reproduced with permission from Lignos et al.38 Copyright 2016, American Chemical 

Society. (B) The microfluidic platform from panel (A) integrated with TCSPC module for 

measuring PL lifetime of the in-flow synthesized CsPbX3 PQDs. Reproduced with permission 

from Lignos et al.47 Copyright 2019, American Chemical Society. (C) A two-phase microfluidic 

platform for screening the interactive effects of temperature and ligand ratio on the optoelectronic 

properties of Pb halide PQDs. Reproduced with permission from Li et al.49 Copyright 2020, The 

Royal Society of Chemistry. (D) Low-temperature flow synthesis of CsPbBr3 PQDs in a modular 

microfluidic setup integrated with translational in-situ spectral diagnostic module. Reproduced 

with permission from Epps et al.39 Copyright 2017, The Royal Society of Chemistry. (E) 

Schematic illustration of the microfluidic platform for low-temperature flow synthesis of MAPbX3 

PQDs. Reproduced with permission from Liang et al.42 Copyright 2018, The Royal Society of 

Chemistry. 
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Microscale flow synthesis of Pb halide PQDs was also expanded to the in-flow synthesis 

of hybrid organic-inorganic PQDs.40ï44,103 Formamidinium Pb halide (FAPbX3, X=Br, I) PQDs 

can extend the emission wavelength of PQDs to the near infrared region of electromagnetic 

spectrum.40 Maceiczyk et al.40 adapted the two-phase microfluidic platform developed by Lignos 

et al.38 for accelerated studies of colloidal synthesis of FAPbX3 PQDs. The reactive liquid plugs 

formed at room temperature were continuously flown into the heated section of a PFA tubing 

with a residence time up to 9 s while the temperature was adjusted between room temperature to 

120°C. With highly tunable solution-processing offered through flow synthesis, the effect of FA 

and Pb halide precursors on the optoelectronic properties of the in-flow synthesized FAPbX3 

PQDs were rapidly explored in-situ and provided mechanistic insights into the crystallization 

pathways of FAPbX3 PQDs.  

The structural stability of Pb halide PQDs can be further improved through incorporation 

of secondary monovalent cations and halides into the pristine Pb halide PQDs, i.e., multinary 

PQD structures composed of mixed A-site cations and halides.44 A combinatorial screening of 

quinary PQD composition, CsxFA1-xPb(Br1-yIy)3, was carried out in a two-phase microfluidic 

platform for a reaction time and temperature ranging from 0.1 s ï 20 s and 25 °C ï 130 °C, 

respectively.44 FA-oleate, Cs-oleate and two separate Pb halide precursor solutions were utilized 

as the Pb halide PQD precursors. In-situ diagnostics coupled with X-ray diffraction (XRD) 

revealed the formation of multinary Pb halide PQDs with high PLQYs up to 89%, narrow 

FWHM (below 40 nm), and high phase stability. It was also demonstrated that the incorporation 

of mixed small- and large-size A-site cations into the perovskite structure can optimally fill the 

available void space within the PQD crystal structure, which according to the Goldschmidt 
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tolerance factor can significantly improve the phase stability of the resulting multinary Pb halide 

PQDs.44 

The time- and temperature-dependent emissive properties of fully-inorganic Pb halide 

PQDs were studied in flow utilizing a microfluidic platform integrated with an in-situ TCSPC 

module (Figure 1-5B).47 The average lifetime of the in-flow synthesized Pb halide PQDs was 

varied between 5 to 42 ns through tuning the precursor ratios (Pb:Cs and Br:I ratios). 

One of the key components enabling high-quality and controlled synthesis of Pb halide 

PQDs is the structure and concentration of surface capping ligands (e.g., carboxylic acids, alkyl 

amines, phosphonates, or quaternary ammonium).118 Microscale flow synthesis strategies can 

also be utilized for accelerated fundamental studies of the effect of surface capping ligands on 

the formation mechanism of Pb halide PQDs. In a recent study, a heat-up flow synthesis 

approach was employed within a two-phase microfluidic reactor (Figure 1-5C) for rapid 

evaluation of the effects of ligand structure, binary ligand ratio (alkyl amines to carboxylic acid), 

and reaction temperature on the quantum-confined properties of CsPbBr3 PQDs.49 Through 

systematic variation of the ligand structure (linear and branched ligands), the interactive effects 

of binary ligand ratios and reaction temperature on the resulting PL characteristics of CsPbBr3 

PQDs were explored.  

Overall, high-temperature flow synthesis can lead to manufacturing of Pb halide PQDs 

with high crystallinity and phase stability.65 However, the relatively high synthesis temperature 

limits the choice of inert carrier phase fluid and will require a detailed heat transfer calculations 

to ensure uniform heat transfer across the microfluidic reactors is obtained. 
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1.3.3.2 Pb Halide PQDs: Low-Temperature Synthesis  

As mentioned previously, low-temperature colloidal synthesis strategies (e.g., LARS) can 

also be employed for high-quality synthesis of Pb halide PQDs.39,42,45,48,50 Epps et al.39 developed 

a modular microscale flow synthesis platform, shown in Figure 1-5D, integrated with a custom-

designed, multimodal in-situ diagnostics module for accelerated colloidal synthesis studies of 

CsPbBr3 PQDs at room temperature. Cs-Pb and bromide precursors were mixed using either an 

off-the-shelf T-junction or a custom-designed four-way junction to study the formation of 

CsPbBr3 PQDs in single- and two-phase flow regimes, respectively. Furthermore, the 

translational in-situ diagnostics module enabled decoupling of the flow velocity-dependent 

mixing rates and residence times within the flow reactor. Utilizing the fully automated modular 

flow synthesis platform, kinetic tunability of CsPbBr3 PQD synthesis within two-phase flow 

format was demonstrated. In a different low-temperature flow synthesis study, Liang et al.42 

utilized a single-phase flow format (Figure 1-5E) for controlled synthesis of MAPbX3 PQDs 

(X=Br, I). Pb halide precursor (PbX2, X=Br and I, dissolved in ODE, OA, and OAm) and MA 

halide precursor (MAX, X=Br and I, dissolved in a mixture of n-butanol and ODE) were 

continuously delivered into a T-junction micromixer to form a single-phase flow reaction 

mixture flowing into a PTFE tubing at 30oC. Despite the relatively low reaction temperature, 

MAPbX3 PQDs were formed within a few seconds after the mixing stage. Low-temperature 

synthesis generally produces PQDs with low crystallinity and phase stability compared to the 

high-temperature synthetic routes. However, they offer the advantage of facile solution-

processing versatility in microscale flow synthesis platforms.65 
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1.3.4 Post-Processing of Pb Halide PQDs in Flow: Halide Exchange Reactions 

Reversible post-synthesis halide exchange reactions using halide salts offer a facile 

processing route to precisely tune PQD optoelectronic properties.17,45,119,120 For example, gradual 

replacement of bromide anions in CsPbBr3 PQDs with chloride or iodide anions will change the 

PQD bandgap (emission color), resulting in a blue- and red-shift, respectively. The extent of the 

halide exchange reaction within the PQD determines the final emission color of the resulting 

PQD. Utilizing the parent CsPbBr3 PQD with a size-dependent peak emission wavelength 

ranging from 460 nm - 520 nm,1 peak emission color can be readily tuned over the entire visible 

spectrum (400-700 nm).17 Microscale flow synthesis strategies with in-situ diagnostic modules, 

in addition to synthesis of Pb halide PQDs, have also been utilized to study the kinetics and 

fundamental mechanisms of halide exchange reactions in a controlled reaction environment45,48. 

Abdel-Latif et al.45 developed an automated modular flow synthesis platform for 

accelerated in-flow studies of halide exchange reactions of fully-inorganic Pb halide PQDs. The 

developed gas-liquid two-phase flow synthesis platform was comprised of a precursor 

formulation module, a novel static micromixer, a tube-based microreactor (fluorinated ethylene 

propylene, FEP), a translational in-situ diagnostic module adapted from Epps et al.39 and an 

optical flow velocity-meter for accurate residence time measurements (Figure 1-6A). Utilizing 

the multimodal, translational in-situ diagnostic module, high-resolution PL and UV-Vis 

absorption spectra of Pb halide PQDs throughout the halide exchange reaction were obtained at 

76 distinct points along the flow reactor corresponding to different halide exchange reaction 

times (Figure 1-4A and 1-4B).  

Epps et al.51 developed a highly-modular and adaptive microscale flow synthesis 

platform for intelligent exploration of halide exchange reactions of fully-inorganic Pb halide 
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PQDs with a multimodal in-situ diagnostic module (PL and UV-Vis absorption spectroscopy). 

The developed two-phase flow synthesis platform (liquid-liquid) enabled computer-controlled 

access to various concentrations of all halide exchange reaction precursors, including the starting 

CsPbBr3 PQDs, halide salts, and surface capping ligands (OA and OAm). Three passive 

micromixers ensured homogenous reaction mixture within the formed reactive liquid plugs 

within the FEP tubing (Figure 1-6B).  

Kang et al.48 leveraged the rapid heat transfer rates of two-phase flow synthesis strategies 

for in-flow studies of high-temperature PQD halide exchange reactions. The developed two-stage 

flow synthesis platform (Figure 1-6C) consisted of two tube-based flow reactors for the 

controlled synthesis of CsPbBr3 PQDs within the first flow reactor, followed by sequential halide 

exchange reactions in the second flow reactor at 150 °C. Utilizing two-phase flow format, ODE 

as the reactive phase solvent, and perfluorinated oil as the carrier phase, ensured excellent heat 

and mass transfer rates within the flow synthesis microreactor, resulting in high-quality halide-

exchanged Pb halide PQDs. The developed flow synthesis platform was then utilized to study the 

effect of halide salt ratio to the parent CsPbBr3 PQDs on the optoelectronic properties of the 

resulting halide exchanged PQDs.  
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Figure 1-6. Microfluidic Platforms Developed for Post-Synthesis Halide Exchange Reactions of 

Pb Halide PQDs. (A) Schematic of the automated modular microfluidic platform equipped with a 

passive micromixer, translational in-situ spectral monitoring probe, and optical fluid velocity 

meter. Reproduced with permission from Abdel-Latif et al.45 Copyright 2019, WILEY-VCH. (B) 

Schematic illustration of the modular fluidic microprocessor for intelligent exploration and 

screening of PQD halide exchange reactions. Reproduced with permission from Epps et al.51 

Copyright 2020, WILEY-VCH. (C) Schematic illustration of the two-stage flow synthesis platform 

developed for controlled sequential halide exchange reactions of Pb halide PQDs. Reproduced 

with permission from Kang et al.48 Copyright 2020, Elsevier. 

 

1.4 Accelerated Fundamental Studies of Pb Halide PQDs in Flow 

The major family of Pb halide PQDs studied using microscale flow synthesis strategies 

are CsPbX3 (Figure 1-7A-C),38,39,45ï52  MAPbX3 (Figure 1-7D),42 FAPbX3 (Figure 1-7E),40,41 and 

the multinary CsxFA1-xPb(Br1-yIy)3 (Figure 1-7F) PQDs.43,44 The key experimental parameters 

controlling the physicochemical and optoelectronic properties of Pb halide PQDs are (i) 

synthesis temperature, (ii)  Pb:A ratio, (iii)  Br:Cl/I ratio, (iv) surface capping ligand structure, and 

(v) precursor conversion rate (i.e., mixing rate). In this section, we discuss the effect of these key 

experimental parameters, that can be automatically controlled during flow synthesis, on the 

resulting Pb halide PQDs. 

1.4.1 Synthesis Temperature 

Temperature has a profound impact on the nucleation and growth of PQDs.52,121 Size and 

temperature are directly correlated, where increasing the colloidal synthesis temperature results 

in larger PQDs, causing a red-shift in the peak emission energy. However, the effect of 



   

27 

 

temperature is not as straightforward for the other PQD properties, such as FWHM, PLQY, and 

reaction yield. 

 
Figure 1-7. In-Flow Synthesis Science Studies of Pb Halide PQDs Utilizing In-Situ PL 

Spectroscopy. (A) PL spectra of CsPbX3 (X=Cl, Br, I) PQDs spanning the entire visible region. 

Reproduced with permission from Lignos et al.38 Copyright 2016, American Chemical Society. 

(B) Fluorescence image of a gas-liquid two-phase flow utilizing argon and toluene containing 

CsPbBr3 PQDs with their corresponding PL spectra. Reproduced with permission from Epps et 

al.39 Copyright 2017, The Royal Society of Chemistry. (C) PL spectra of CsPbBr3 PQDs as a 

function of the total average flow velocity. Reproduced with permission from Kerr et al.46 

Copyright 2019, The Royal Society of Chemistry. (D) PL spectra of MAPbX3 (X=Br, I) PQDs 

synthesized in flow. Reproduced with permission from Liang et al.42 Copyright 2018, The Royal 

Society of Chemistry. (E) Emission spectra of FAPb(Cl/Br)3 PQDs spanning the blue-green region 

which is representative of transition of nanoplatelets to nanocrystals. Reproduced with permission 

from Lignos et al.41 Copyright 2018, American Chemical Society. (F) PL spectra exhibiting the 

possibility of synthesizing Pb halide PQDs in the form of multinary CsxFA1īxPb(Br1īyIy)3 that can 

emit in the near-infrared region. Reproduced with permission from Lignos et al.44 Copyright 2018, 

American Chemical Society. 

 

The effect of synthesis temperature on the emission wavelength of fully inorganic Pb 

halide PQDs was studied in-flow by Lignos et al.,38 where the optimal reaction temperature 

range for synthesizing high-quality Pb halide PQDs (25 nm < FWHM < 45 nm) was found to be 

from 140°C  and 200°C. It was also demonstrated that the emission wavelength increases with 



   

28 

 

increasing temperature. In a different study,49 utilizing a microscale flow synthesis platform, it 

was demonstrated that the synthesis temperature has a more profound effect on the optical 

properties of CsPbBr3 PQDs than the type/combination of the ligand pair used in the synthesis. 

Furthermore, synthesis temperature plays an important role in determining the structure of the 

colloidal PQDs. Maceiczyk et al.,40 utilizing a high-throughput microfluidic synthesis platform, 

observed that for FAPbI3, lower synthesis temperatures favored the formation of NPLs, which 

was attributed to the decreased solubility of the chemical precursors in the solvent. 40,122 In 

addition, it was observed that higher synthesis temperatures diminished the tuning capability of 

the peak emission energy of FAPb(Br/I)3.
40Utilizing a similar flow synthesis platform, Lignos et 

al.41 studied the effect of reaction temperature on the colloidal synthesis of FAPb(Br/Cl)3, where 

the optimal synthesis temperature (minimum FWHM) for all Br:Cl ratios was identified to be 

130°C. Lower synthesis temperatures resulted in broad PL spectra, while higher synthesis 

temperatures led to PQD decomposition. In a different study,44 the effect of reaction temperature 

on the flow synthesis of the multinary CsxFA1-xPb(Br1-yIy)3 PQDs was explored. Over the range 

of temperatures tested (25°C - 130°C), a FAPbI3 emission peak (792 nm) was observed at room 

temperature. Furthermore, it was demonstrated the bandgap energy of the multinary Pb halide 

PQDs increased upon increasing the synthesis temperature, due to the incorporation of Cs into 

the PQD structure. TEM imaging was employed to rule out the size dependent blue-shift of the 

multinary PQDs. At synthesis temperatures higher than 110°C, a PL peak appeared at 700 nm, 

which was attributed to CsPbI3. The optimized range of colloidal synthesis temperature (50°C ï 

90°C) obtained rapidly by the automated microscale synthesis platform was then utilized for the 

subsequent in-flow screening studies.  
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1.4.2 Pb:A Ratio 

Pb:A Precursor ratios play a major role in the colloidal synthesis of Pb halide PQDs. For 

example, the competition between FA (A-site cation) and OAm, due to its acidity,40 introduces 

additional dynamics into the growth pathway of FAPbX3 (X= Br, Cl, I) PQDs. 

Microscale flow synthesis platforms with the precise control over the PQD precursor 

concentrations enable systematic studies of the effect of precursor composition on the 

optoelectronic properties of Pb halide PQDs. Maceiczyk et al.40 utilized a two-phase, liquid-

liquid microfluidic platform to explore two different approaches of controlling FA:Pb ratio on 

the colloidal synthesis of FAPbX3 (X= Br and I) PQDs. In the first approach, FA concentration 

was changed relative to PbI2 concentration, while in the second approach, all three ion 

concentrations were decoupled (i.e., the concentration of FA was changed relative to both Pb and 

I concentrations, separately). The former approach revealed that decreasing FA concentration in 

the FAPbI3 synthesis favored the formation of smooth thin NPLs due to the competition between 

OAm and FA ions. Moreover, it was observed that increasing FA concentration caused a red-

shift in the peak emission energy, a decrease in the FWHM, and the loss of high energy peaks in 

the PL spectra. A similar behavior was also observed for FAPbBr3 with the only difference being 

that FAPbBr3 was more susceptible to forming NPLs. The latter approach (separating all three 

ions) provided more control over the reaction stoichiometry. Low FA and Pb concentrations 

resulted in a mixture of NPLs that exhibited sharp emission peaks at 565 and 630 nm. However, 

higher FA and Pb concentrations suppressed the formation of NPLs and favored the growth of 

nanocubes with emission peak of 790 nm. 

Lignos et al.41 expanded the study conducted by Maceiczyk et al.40 and focused on in-

flow studies of FAPb(Br/Cl)3. The high-throughput in-situ studies conducted with a two-phase 
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microfluidic reactor revealed that increasing Pb concentration (decreasing FA) resulted in 

formation of NPLs, which was in line with the results of the previous study.40 Moreover, the 

rapid exploration of FA:Pb ratio with different Cl:Br ratios revealed a stable PL emission along 

with minimum FWHM for high FA:Pb ratios (5-10).41 In another in-flow studies of PQDs, it was 

found that for a mixed cation Pb iodide PQD (CsxFA1-xPbI3), at high FA:Pb ratios (>13) the 

crystalline structure tends to change from the black to yellow phase within hours.44 PL tunability 

was also achieved for CsxFA1-xPbI3 PQDs with Cs loadings less than 10%. Utilizing a similar 

flow synthesis platform,38 the optimal Pb:Cs ratios resulting in the smallest FWHM value 

(depending on the halide combination) for CsPbX3 PQDs was rapidly obtained. The 

aforementioned in-flow studies of Pb:A ratio on the properties of Pb halide PQDs exemplify the 

unique capabilities of microscale flow synthesis techniques for accelerated synthesis science 

studies of complex colloidal systems. 

1.4.3 Ligand Effect 

Surface capping ligands play a crucial role in the colloidal stability, charge transport, and 

longevity of Pb halide PQDs. The presence and specific structure of capping ligands during the 

colloidal synthesis, or lack thereof, influences the growth rate and shape of colloidal QDs.123,124 

Surface capping ligands are usually coupled in an acid-base pair to ensure charge neutrality on 

the PQD surface.111,123,124 The most frequently utilized surface capping ligand pair is the OA-

OAm pair. Despite their widespread utilization, the OA-OAm pair is not optimal for colloidal 

synthesis of high-quality Pb halide PQDs due to their labile nature and tendency to detach from 

the PQD surface,31,111,125 leading to aggregation and colloidal instability.  
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Microscale flow synthesis strategies with in-situ diagnostic capabilities can significantly 

accelerate the library screening and optimization of surface capping ligand composition in 

controlled synthesis or post-synthesis halide exchange of high-quality Pb halide PQDs.41,45,49,50 

Lignos et al.41 explored the effect of addition of free OA to the FAPb(Br/Cl)3 synthesis 

mixture in flow. Excess OA suppressed the formation of PQDs and drove the reaction towards 

formation of NPLs with a single peak emission wavelength at 420 nm. It was shown that at 

higher OA:OAm ratios (>2:1), high yields of NPLs could be synthesized.  

In a recent microfluidic study, Epps et al.50 utilized an automated flow synthesis platform 

with a tunable precursor mixing time module to provide a comprehensive study of OA effect on 

the room-temperature synthesis of CsPbBr3 PQDs. The volumetric fraction of OA was 

automatically varied from 1.8% to 6.7% in flow, and its impact on the peak emission 

wavelength, FWHM, PLQY, and concentration of CsPbBr3 PQDs was monitored in-situ. It was 

demonstrated that at higher mixing times (i.e., slower mixing rates), OA volume had a more 

significant impact on the PQD peak emission energy. Moreover, it was observed that reducing 

the precursor mixing times (i.e., faster mixing rates) resulted in improved FWHM values, but 

worsen PLQY of the in-flow synthesized CsPbBr3 PQDs.  

In a different study, a two-phase microfluidic platform was utilized to investigate the 

effect of ligand chain structure (linear vs. branched) on the growth of CsPbBr3 PQDs.49 The 

tested ligands in this study included octylamine, octanoic acid, 2-ethylhexylamine, and 2-

ethylhexanoic acid. This study showcased the utility of microscale flow synthesis strategies in 

highly efficient studies of a multivariable multi-output system. Utilizing the developed flow 

synthesis platform integrated with in-situ PL spectroscopy, 11 different temperatures with 11 

different base:acid ligand ratio (i.e., 121 parameter combinations for each ligand set) were 
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rapidly screened. For linear-linear ligand pairs, a small dependence of the median emission 

wavelength on the base:acid ratio was observed. However, the base:acid ratio had a significant 

effect on the PL intensity, where high PL intensities were obtained for low base:acid ratios at 

110°C for CsPbBr3 PQDs with a peak emission wavelength of 460 nm. An opposite trend was 

observed at 140°C for CsPbBr3 PQDs with a peak emission wavelength of 497 nm, where high 

PL intensities were obtained at high base:acid ratios. Comparing the data across the four sets of 

ligand combinations revealed that (i) linear ligand combination exhibited a dependence on 

base:acid ratio while the branched combinations exhibited no dependence, (ii ) using branched 

ligands restricts controllability over PQD growth or stabilizing small PQDs, where branched 

ligands tend to result in larger PQDs.  

The in-flow studies of the impact of the OA-OAm pair surface capping ligands was also 

expanded to the halide exchange reactions of Pb halide PQDs. Utilizing a two-phase flow 

synthesis platform, integrated with a multimodal in-situ diagnostic module (UV-Vis absorption 

and PL spectroscopy), Abdel-Latif et al.45 studied the impact of OA and OAm on the kinetics 

and extent of halide exchange reactions of CsPbBr3 PQDs. It was observed that ligand:solvent 

ratio had no effect on the equilibrium peak emission wavelength of the halide-exchanged PQDs. 

However, increasing the ligand:solvent ratio lowered the initial reaction rate irrespective of the 

halide salt source. The acid:total ligand ratio had a significant effect on the kinetics and the 

optical characteristics of the halide-exchanged PQDs. It was observed that OA was crucial for 

the colloidal stability of the iodide-exchanged CsPbBr3 PQDs due to its role in stabilizing the 

PQD structure while chloride-exchanged CsPbBr3 didnôt exhibit a need for OA for structure 

stabilization. Halide exchange reactions with low acid:total ligand ratios resulted in Pb halide 

PQDs with relatively low PLQYs, confirming the importance of acid:base ratio optimization 
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needed for high-quality Pb halide PQDs.45,111,123,124 Furthermore, acid:total ligand ratio did not 

have an effect on the equilibrium peak emission energy of the halide-exchanged PQDs. 

1.4.4 Halide Composition 

The direct implication of changing the halide composition (e.g., Br:Cl or Br:I ratio) in the 

colloidal synthesis of Pb halide PQDs is the change in their peak emission wavelength. 

APb(Br/X)3 PQDs populated with Cl anions have emission colors in the blue-green region of the 

visible spectrum (400-510 nm), while I-rich APb(Br/X)3 PQDs emit in the green-red region 

(510-780 nm). The Br:X (X=Cl, I) ratio can be manipulated either by changing their ratio in the 

starting precursors (one-pot synthesis) or through post-synthesis halide exchange 

reactions.17,45,119,120 The rapid precursor tuning capability offered by microscale flow synthesis 

platforms enable fast exploration of the effect of Br:X (X=Cl, I) ratio on the optoelectronic 

properties of the in-flow synthesized Pb halide PQDs. For example, Lignos et al.38 demonstrated 

in-flow synthesis of CsPbX3 PQDs with PL emission over the entire visible range (410 nm to 

700 nm) by simply varying the ratio between PbBr2 and PbX2 (X= Cl, I). 

In addition to variation of emission wavelength, several flow synthesis studies revealed 

the effect of Br: Cl/I ratio on the PL intensity, FWHM, and the crystal structure of the Pb halide 

PQDs.40,41,44,45 Maceiczyk et al.40 explored the effect of varying I:Br ratio in flow on the 

properties of FAPb(Br/I)3 perovskite nanostructures, and demonstrated controlled PL spectra 

tuning from green to infrared (530 nm-790 nm, FAPbBr3-FAPbI3, respectively). It was observed 

that low iodide (i.e., Br-rich) content diminished the PL intensity and increased the FWHM. The 

PL spectra broadening was attributed to the tendency of Br-rich NPLs to phase separatation.40,126 

The same microfluidic platform was then utilized to investigate the Br:Cl ratio effect on the 

FAPb(Br/Cl)3 synthesis in two ways.41 First, PbBr2 and PbCl2 were used as the Pb and halide 
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sources. In the second approach, independent sources were used for all ions (i.e., Pb-oleate and 

oleylammonium halide as Pb and halide sources, respectively). The decoupling of the ions 

exhibited significant differences in the optical properties of the resulting Pb halide PQDs. The in-

flow measured reaction rates for the independent ion sources were higher than the combined 

precursor scenario (i.e., PbX2). Furthermore, three emission peaks were observed, two of which 

were attributed to NPL and one was related to PQD. The observed differences across two 

precursor sources were attributed to the ligand concentration disparity between the two 

approaches. In a different set of in-flow synthesis experiments utilizing the same microfluidic 

platform,41 it was demonstrated that the peak emission wavelength of FAPb(Br/Cl)3 could 

successfully be tuned between 465 nm and 520 nm by varying the Br:X (X=Cl, I) ratio, with the 

narrowest FWHM and the highest emission intensity obtained in Br-rich environments. 

Utilizing a two-phase flow synthesis platform equipped with an in-situ PL spectroscopy 

module, 44 the effect of Br anion addition to CsxFA1-xPbI3 PQDs on the stability of the 

nanocrystal structure was explored. Through exploration of the FA:Pb (2.5-6) and Cs:Pb (0.01-

0.04) ratios, it was demonstrated that Pb halide PQDs with the peak emission wavelength 

between 690 nm and 780 nm could be synthesized in flow. It was also concluded that the Br 

content did not alter the FWHM or the PL emission intensity of the organic-inorganic Pb halide 

PQDs. Furthermore, the Br content greater than 25% resulted in formation of additional 

perovskite structures (e.g., FAPbBr1-yIy)3. 

In addition to the critical role of Br:Cl/I ratio in one-pot synthesis of Pb halide PQDs, it 

plays an important role in bandgap tuning through halide exchange reactions. Utilizing a gas-

liquid flow synthesis reactor, Abdel-Latif et al.45 revealed that using lower Br:Cl/I ratios (i.e., 
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higher concentration of halide salts) increases initial reaction rate and the extent of the bandgap 

shift and the, while lowering PLQY and FWHM for both iodide- and chloride-exchanged PQDs. 

1.4.5 Precursor Mixing Rate 

Pb halide PQD synthesis is conventionally performed using flask-based, hot injection 

strategy, which severely impedes the in-situ diagnostic probes used for such colloidal 

systems.66,127,128 The facile integration of in-situ diagnostic probes with microscale flow 

synthesis reactors provides a unique opportunity to explore the effect of precursor mixing rates 

on the early-stage nucleation and growth pathways of Pb halide PQDs by simply varying the 

average total flow velocity (i.e. Pe) of the precursors continuously fed into the flow reactors.  

Precursor mixing rate can be further decoupled from nucleation and growth stages of 

colloidal QDs by exploiting the modular nature of microscale flow synthesis platforms. Modular 

flow reactors have been successfully deployed to separate precursor mixing, nucleation, and 

growth stages of colloidal QD synthesis (e.g., Pb sulfide) by utilizing different fluidic modules 

for each synthesis stage.129 The advantages of using a separate module for each stage is the 

ability to independently control the temperature and residence time of each module and thereby 

systematically study the effect of precursor mixing, nucleation, and growth time/temperature in 

isolation. A modular flow synthesis platform provides the means to study the relatively fast 

synthesis of LHP QDs, where the residence time and temperature in each module (precursor 

mixing, nucleation, and growth) can be independently varied by simple module design 

modifications or total flow rate adjustments. The precise control over the precursor mixing time 

becomes crucial for low-temperature colloidal synthesis chemistries. 

Epps et al.39 utilized a modular two-phase flow synthesis platform to explore the effect of 

precursor mixing time on the optoelectronic properties of CsPbBr3 PQDs through in-situ 
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absorption and PL spectroscopy. It was demonstrated that when utilizing a gas-liquid flow 

synthesis system, the early-stage precursor mixing dynamics greatly affects the nucleation and 

growth pathway of CsPbBr3 PQDs, where faster mixing timescales (i.e. higher flow velocities) 

resulted in a blue-shift of the peak emission wavelength of the resulting PQDs. In a follow-up 

study, Epps et al.50 developed an automated microfluidic platform utilizing two separate flow 

reactors, connected with a sample loop, for accelerated studies of the precursor formulation 

mixing time on the optical properties of CsPbBr3 PQDs. It was observed that the precursor 

mixing time, for otherwise identical reaction conditions, had a significant effect on the PL and 

absorption spectra of the in-flow synthesized CsPbBr3 PQDs halide PQDs. This study provided 

further insights into the underlying mechanisms for the batch-to-batch variation of Pb halide 

PQDs synthesized in batch reactors. 

1.4.6 Kinetic Studies of Pb Halide PQDs 

In addition to the controlled, continuous manufacturing, microscale fluidic platforms 

have been exploited to unveil the nucleation and growth mechanism of Pb halide PQDs. In the 

first in-flow mechanistic study of colloidal PQDs, it was discovered that the nucleation pathway 

of Pb halide PQDs was similar to multinary metal chalcogenides, but with faster reaction 

kinetics.38 Figure 1-8A shows the size evolution of CsPbI3 PQDs at various synthesis 

temperatures calculated from the in-situ obtained absorption spectra.38 As shown in Figure 1-8A, 

the Pb halide PQD diameter reaches a plateau between 2 s to 5 s, depending on the temperature, 

which demonstrates the fast inherent formation kinetics of fully-inorganic Pb halide PQDs. 

Utilizing the same microscale flow synthesis platform, similar fast formation kinetics were 

observed for FAPbX3(X=Br, I).38,40 Based on the obtained kinetic data, the formation of 

FAPb(Br/I)3 had two successive stages. The first stage was postulated to be the nucleation of 
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cube-shaped pure FAPbI3 PQDs followed by the incorporation of bromide ions in the second 

stage.40 Figure 1-8B and 1-8C present the trend of in-situ obtained PL peak position during the 

flow synthesis of FAPb(Br/I)3 PQDs at low and high concentrations of surface capping ligands, 

respectively. At low surface ligand loading (Figure 1-8B), all the kinetic curves reached a stable 

trend below 3 s, which indicated the presence of initially nucleated pure FAPbI3 nanocrystals. 

Subsequent incorporation of bromide ions moves the PL peak positions to 660 nm. At higher 

surfactant loading (Figure 1-8C), the obtained kinetic data showed a similar trend, with faster 

incorporation of Br anions and concurrent formation of FAPbBr3 PQDs. Utilizing the same two-

phase flow microfluidic platform,41 the challenging formation of Cl-rich FAPb(Cl1īxBrx)3 PQDs 

due to the potential segregation of halide ions was studied in detail. Furthermore, the developed 

automated microfluidic platform was employed for kinetic studies of multinary mixed cation and 

anion Pb halide PQDs.44 Figure 1-8D and 1-8E present the time evolution of PL peak and 

FWHM of quinary CsFAPbI3 PQDs, where it follows a fast nucleation and growth kinetics 

similar to the first reported mechanism on fully-inorganic Pb halide PQDs.38,44 

As mentioned previously, one of the main characteristics of Pb halide PQDs is their facile 

bandgap tuning through halide exchange reactions.17,45 Microscale flow synthesis platforms can 

be exploited to obtain a deeper understanding of the fundamental mechanisms governing the 

halide exchange reactions of Pb halide PQDs. A modular microfluidic platform was utilized for 

accelerated in-flow halide exchange kinetic studies of fully -inorganic Pb halide PQDs.45 The 

effects of ligands ratio (i.e., RL= VOA/VOA+VOAm, where V indicates volume) and zinc halide (i.e., 

ZnCl2 and ZnI2) concentration (Cs) on the kinetics of halide exchange reactions were rapidly 

explored (Figure 1-8F and 1-8G). It was observed that increasing the ligand ratio resulted in 

reducing the initial rate constant of the halide exchange reaction (Figure 1-8F), which was 
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attributed to the limited diffusion of halide ions through the ligands attached to the surface of the 

Pb halide PQDs. Figure 1-8G shows the faster halide exchange kinetics due to increase in 

available zinc halide ions as the exchanging reagents. Utilizing the in-situ obtained kinetic data 

through the modular microfluidic platform, a three-stage halide exchange reaction mechanism 

was proposed.45  

 
Figure 1-8. In-Flow Kinetic Studies of Pb Halide PQDs. (A) Transient diameter evolution of 

CsPbI3 PQDs at different in-flow synthesis temperatures. Reproduced with permission from 

Lignos et al.38 Copyright 2016, American Chemical Society. Temporal evolution of PL peak 

wavelength during the in-flow synthesis of FAPb(Br/I)3 at 80°C for (B) low and (C) high surfactant 

loadings. Both reproduced with permission from Maceiczyk et al.40 Copyright 2017, American 

Chemical Society. (D) Temporal evolution of normalized PL peak wavelength, and (E) FWHM 

for CsFAPbI3 PQDs. Both reproduced with permission from Lignos et al.44 Copyright 2018, 

American Chemical Society. The initial halide exchange reaction rates, k1, as a function of (F) 

ligands ratio, RL, and (G) zinc halide concentration (Cs) for different metal halides (red: ZnI2; 

blue: ZnCl2). Both reproduced with permission from Abdel-Latif et al.45 Copyright 2019, WILEY-

VCH. 

 

The mechanistic studies in this section further substantiate microscale flow synthesis 

strategies as a powerful tool for gaining valuable insights into nanoscale phenomena that cannot 

be simply discovered by conventional flask-based synthesis techniques. Therefore, microscale 
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flow synthesis platforms integrated with in-situ diagnostic modules can provide materials 

scientists and chemists with a unique capability for accelerated fundamental and mechanistic 

studies of the early stages nucleation and growth pathways of Pb halide PQDs as well as their 

post-synthesis halide exchange reactions. 

1.5 On-Demand Flow Synthesis of Pb halide PQDs  

Similar to other colloidal nanoparticles, the synthesis of Pb halide PQDs with optimal 

optoelectronic properties and structural stability is a time-, material-, and labor-intensive practice 

which requires hundreds of experiments due to their highly complex multidimensional input 

parameter space.43 Such a complex material design space combined with aforementioned 

challenges associated with traditional Edisonian flask-based material discovery, synthesis, and 

optimization strategies hinders further developments of high-priority Pb halide PQDs.51 Despite 

the effectiveness of automated microfluidic platforms for high-throughput screening and 

controlled synthesis of Pb halide PQDs, they mostly rely on the knowledge, expertise, and 

materials selection of the operator for discovery, synthesis and optimization. Exploration of the 

colloidal synthesis parameter space of each family of PQDs, without the aid of combinatorial 

designs, is costly in terms of time and chemical precursor consumption. Adoption of modular 

flow synthesis platforms integrated with in-situ material diagnostic probes and controlled with 

optimization algorithms can significantly accelerate the development of next-generation colloidal 

QDs for targeted applications in chemical and energy technologies.8,130ï139 Specifically, 

integration of recently emerging AI strategies (e.g., deep reinforcement learning) with modular 

flow synthesis platforms can enable a paradigm shift in the synthesis, discovery, and 

manufacturing of high-performance PQDs.140ï146 
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Despite the numerous advantages offered by AI-driven material synthesis and discovery 

strategies based on materials informatics, the field is still in its infancy and requires major 

advancements to reach the same level of cheminformatics in the field of pharmaceuticals. The 

challenges mainly revolve around the quantity and quality of the accessible data for rapid and 

reliable data mining. In contrast to the field of pharmaceuticals, where there is a large library of 

organic reactions readily available in the literature for data mining (>500,000), the scarce data 

availability in combination with the high degree of process-dependency of colloidal QDs 

resulting in lab-to-lab, user-to-user, and batch-to-batch QD variation have hindered the 

convergence of the rapidly emerging AI strategies with colloidal nanoscience. The slow nature of 

the widely used flask-based colloidal synthesis methods is time-consuming and generates limited 

amount of data which impedes the development of a general representative model. Furthermore, 

databases with wealth of information suffer from intrinsic biases and high variability147 which 

produces inaccurate and skewed QD synthesis models. Microscale flow synthesis strategies have 

the potential to address both aforementioned concerns by coupling their high-throughput 

screening and low chemical consumption nature with bias-eliminating statistical methods (i.e., 

design of experiments) to produce high-quality, in-house generated QD synthesis data for AI 

model training and validation, thereby significantly accelerating the development of colloidal 

PQDs. 

One of the key elements to achieve accurate, in-flow optimization of PQDs using two-

phase flow format is the correct estimation of the reactive phaseôs residence (reaction) time 

within the flow reactor. Optical measurement techniques, including digital cameras148 or phase 

sensors149 can be utilized for real-time, accurate flow velocity measurements of the reactive 

phase in a two-phase flow reactor. The in-situ measured flow velocity can then be utilized to 
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calculate the accurate residence times in the flow reactor. Kerr et al.46 developed an optical 

technique using inexpensive phase sensors for facile in-situ residence time measurements of two-

phase flow in a tube-based microscale flow platform. The integration and automation of a low-

cost and non-invasive optical velocity and length sensor (OVAL) module enabled rapid and 

precise measurement and control of residence time in the microscale flow reactor. The developed 

OVAL module was then applied towards mixing-controlled synthesis of CsPbBr3 PQDs. 

Utilizing the OVAL module, integrated with a two-input, two-output fuzzy logic system, the 

velocity of PQD precursors was automatically varied from 12 mm/s to 100 mm/s, resulting in 

emission peak energy tunability of CsPbBr3 PQDs from 2.43 eV to 2.52 eV.  

Self-optimizing flow synthesis technologies can significantly expedite the development 

and manufacturing of targeted PQDs with/out access to prior knowledge (i.e., PQD synthesis 

database). Bezinge et al.43 integrated a two-phase microfluidic platform with a multiparametric 

automated regression kriging interpolation (MARIA) algorithm for in-flow optimization of 

hybrid organic-inorganic Pb halide PQDs (Figure 1-9A). Employing the MARIA algorithm, the 

optimized synthesis protocol of (Cs/FA)Pb(I/Br)3 and (Rb/Cs/FA)Pb(I/Br)3 PQDs for peak 

emission wavelengths ranging from 560 nm to 680 nm was obtained automatically. In addition, 

the MARIA algorithm provided predictions of important optical properties of Pb halide PQDs, 

including FWHM and PL intensity. With approximately 20 iterations after the initial samples (16 

experiments), MARIA can predict future reaction conditions with the highest probability of 

obtaining the targeted wavelength, which corresponds to a total of 36 experimental runs (~1.5 h). 

Figure 1-9B shows an example of PL spectra of Pb halide PQDs obtained utilizing synthetic 

protocols predicted by MARIA, as a function of a spatially weighted parameter ɝ, defined in the 

algorithm. The predicted optoelectronic properties of Pb halide PQDs were then validated 
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against the experimentally obtained data. Figure 1-9C shows an exemplary performance of the 

predicted values of FWHM using MARIA vs. the experimentally obtained values for the peak 

emission wavelength of 680 nm. Utilizing the MARIA algorithm, the in-flow synthesis protocol 

of Pb halide PQDs was optimized only based on the the peak emission wavelength. 

One of the key properties defining the performance of colloidal PQDs in optoelectronic 

devices is their PLQY. The real-world applications of PQDs necessitate optimization 

(maximization) of their emitting photons measured through PLQY. In a recent study, Epps et 

al.51 developed a novel in-situ diagnostic probe capable of accurately measuring the PLQY of in-

flow synthesized Pb halide PQDs without dilution through an innovative reduced pathlength 

strategy in a custom-designed flow cell module. The developed in-situ diagnostic module was 

then integrated with a fully modular flow synthesis platform to achieve autonomous synthesis of 

Pb halide PQDs with application-guided optoelectronic properties. The developed self-driving 

PQD synthesizer, called Artificial Chemist, was directed by an AI-based optimization algorithm 

(Bayesian optimization) to achieve on-demand synthesis and optimization of fully-inorganic Pb 

halide PQDs (Figure 1-9D). Furthermore, the Artificial Chemist, for the first time, enabled 

simultaneous optimization of the emission bandwidth (EFWHM) and PLQY (ū) of Pb halide PQDs 

for any desired peak emission energy (EP). It was demonstrated that the Artificial Chemist was 

capable of autonomously synthesizing high-quality Pb halide PQDs with or without access to 

prior knowledge. When the knowledge transfer of the archived PQD synthesis datasets from 

prior optimization runs were utilized for pre-training the surrogate model of the AI-based 

optimization algorithm, the optimized Pb halide PQDs were autonomously synthesized in less 

than 10 min for any desired emission color (Figure 1-9E and 1-9F). In addition to its highly-

modular design, the Artificial Chemist could autonomously be reconfigured from the discovery 
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and process optimization mode to continuous manufacturing operation for large-scale synthesis 

of the autonomously optimized Pb halide PQDs. This proof-of-concept study highlighted the 

unique advantages of the convergence of microscale flow synthesis with state-of-the-art AI-

based decision-making strategies for accelerated materials development. Further advancements 

of AI-guided PQD synthesis technologies can unlock novel formulations and manufacturing 

routes of next-generation, high-quality Pb halide PQDs towards achieving highly-efficient and 

cost-effective optoelectronic devices. 

 
Figure 1-9. On-Demand Flow Synthesis of Pb Halide PQDs. (A) Schematic of the two-phase 

microfluidic platform integrated with MARIA algorithm for the in-flow synthesis of mixed cation 

Pb halide PQDs. (B) Experimentally obtained PL spectra for the predicted PQD synthetic routes 

using MARIA as a function a spatial coordinate (ɝ) defined for the modelôs conditions, and (C) 

validation of the model predictions for FWHM values vs. experimental data. A-C reproduced with 

permission from Bezinge et al.43 Copyright 2018, American Chemical Society. (D) Accelerated 

and on-demand synthesis of Pb halide PQDs by the Artificial Chemist enabled through halide 

exchange reactions. (E) PL and (F) absorption spectra of 11 optimal PQD formulations 

autonomously synthesized by the Artificial Chemist. C-F Reproduced with permission from Epps 

et al.51 Copyright 2020, WILEY-VCH. 
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CHAPTER 2: Ultrafast Cation Doping of Perovskite Quantum Dots in Flow 

Bateni, F.; Epps, R. W.; Abdel-latif, K.; Dargis, R.; Han, S.; Volk, A. A.; Ramezani, M.; Cai, T.; 

Chen, O.; Abolhasani, M. (2021). Matter, 4, 2429. 

 

2.1 Abstract 

Among all-inorganic metal halide perovskite quantum dots (PQDs), cesium lead chloride 

(CsPbCl3) with its large bandgap energy is an excellent candidate for enhancement of PQD 

radiative pathways through incorporation of additional internal energy transfer within its exciton 

bandgap. Addition of transition metal impurity dopants, such as manganese (Mn2+) ions to the 

crystalline lattice of the CsPbCl3 QDs can not only reduce the total amount of toxic lead present 

in the pristine PQDs, but also can significantly enhance their optoelectronic and optical 

properties through the internal energy transfer mechanisms. In this study, we introduced a facile, 

ultrafast synthetic approach for post-synthetic Mn-doping of CsPbCl3 QDs with a high degree of 

tunability.  Due to the fast nature of the post-synthetic metal cation doping reaction, an 

engineered time-to-space transformation strategy was employed to unravel the kinetics and 

fundamental mechanism of the doping process. Utilizing an automated modular microfluidic 

platform, we study the effect of concentration of metal cation dopant precursor and ligand 

composition on the extent and kinetics of the Mn-doping process. With the help of the 

translational in-situ absorption and photoluminescence spectroscopy, we propose a 

heterogeneous surface doping mechanism though a vacancy-assisted metal cation migration. The 

developed in-flow doping strategy can open new avenues for on-demand optoelectronic 

properties tuning and scalable precision synthesis of high-quality metal cation-doped PQDs. 

2.2 Introduction 

Metal halide perovskite quantum dots (PQDs) have recently emerged as a promising 

semiconducting material candidate with superior optical and optoelectronic properties than 
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conventional III-V and II-VI QDs for next generation devices.1,31,33,63,66,150ï152 Specifically, lead 

(Pb)-halide PQDs have been successfully utilized in a wide range of solution-processed devices, 

including solar cells,4,153ï156 displays,157 light-emitting diodes (LEDs),9 biosensors,158 lasers,159 

and photodetectors.160,161 In addition to their defect-tolerant bandgap structure, Pb-halide PQDs 

offer near-unity photoluminescence quantum yield (PLQY) without a secondary passivation 

layer, narrow emission linewidth, short radiative lifetime, negligible self-absorption, and weak 

PL blinking effect.1,18,63 Moreover, due to their ionic nature and the quantum confinement effect, 

Pb-halide PQDs possess unique size- and composition-tunable emission properties within the 

visible spectrum through growth rate control and post-synthesis ion exchange reactions, 

respectively.17,162 

Despite the unique optoelectronic properties of Pb-halide PQDs, one of the major 

drawbacks hindering their adoption by chemical and energy industries is the health and 

environmental concerns associated with the toxicity of lead.163,164 Lead ions are instrumental for 

maintaining the extended lifetime and high PLQY of PQDs and the complete removal and 

replacement of these ions can deteriorate the structural integrity of the PQDs.165 An alternative 

route based on partial cation exchange of Pb ions with less toxic materials that possess analogous 

optoelectronic properties to Pb (e.g., Manganese (Mn), Tin, Cadmium, Zinc and Bismuth) is 

considered as an effective strategy to mitigate the toxicity of Pb-halide PQDs without sacrificing 

the superior optoelectronic properties, and at the same time, imparting new optical and 

optoelectronic properties into the pristine PQDs.166ï169 Over the past few years, Mn-doping of 

Pb-halide PQDs has been investigated as an effective route for introduction of additional 

magnetic and optoelectronic properties to PQDs.170ï173 Manganese is the most common choice of 

the impurity dopant as its ionic radius and valence state resemble Pb, thereby allowing cation 



   

46 

 

exchange reactions in the lattice of the host Pb-halide PQD nanocrystals.170,171 Through Mn 

doping of Pb-halide PQDs, the total content of Pb2+ ions present in the PQDs can be reduced, 

while adding another degree of emission tunability to the pristine nanocrystals, originating from 

the transfer of host excitation energy to spin polarized Mn2+ d-d states, resulting in a long 

excited-state yellow-orange emission.173ï176 

Among all-inorganic Pb-halide PQDs, cesium lead chloride (CsPbCl3) QDs possess the 

highest bandgap energy which makes it a more favorable crystalline host for efficient energy 

transfer from band-edge excitons to Mn internal states. Doping CsPbCl3 QDs with Mn2+ ions 

offers two distinct advantages: (i) the incorporation of Mn2+ ions into the PQD crystal lattice 

increases the tolerance factor, improves structural stability, and enhances radiative pathways;175ï

177 and (ii) the emission intensity of the exciton and the transition metal impurity dopants can be 

enhanced through the suppression of energy loss by structural defects, resulting in an increase in 

the PLQY of the cation-doped PQDs.175ï177 

Mn-doped Pb-halide PQDs can be synthesized using one-pot, hot-injection synthesis 

technique and post-synthetic cation exchange reactions. Dual-emissive Mn-doped CsPbCl3 QDs 

were first successfully synthesized via a colloidal one-pot, hot-injection method.170,171 Feasibility 

of the post-synthetic cation exchange of Pb2+ with Mn2+ ions in CsPbCl3 QDs were first studied 

in the work of Gao et al..178 In this study, CsPbCl3 QDs were first synthesized using a hot-

injection method and used without further purification for the Mn-doping with a manganese 

chloride (MnCl2) precursor at a relatively high temperature (150oC). 

Room-temperature, post-synthetic metal cation doping of Pb-halide PQDs can provide a 

higher level of control over the extent and level of doping compared to the high-temperature 

cation exchange or one-pot, hot-injection methods. Furthermore, the prevention of self-annealing 
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provide an additional advantage of post-synthetic room-temperature cation doping technique 

compared to the high-temperature routes.179,180 A room-temperature Mn doping of CsPbCl3 QDs 

using post-synthetic cation exchange reaction of CsPbCl3 QDs with MnCl2 was developed by 

Chen et al..165 The Mn doping process was explained based on a proposed simultaneous dynamic 

cation and halogen anion exchange mechanism. The superior performance of MnCl2 compared to 

other Mn sources for doping Pb-halide PQDs might be attributed to the relatively similar bond 

dissociation energy of Mn-Cl and Pb-Cl bonds which trigger the successful substitution of Pb 

with Mn.165,171,181 Recently, Hills-Kimball et al. demonstrated a quasi-solid-solid cation 

exchange route for the synthesis of Mn-doped CsPbCl3 QDs, and proposed a heterogeneous 

surface doping followed by an inward diffusion process through engineering of the present 

surface ligands.182  

The metal cation doping reactions of Pb-halide PQDs are currently studied using 

conventional, time- and material-intensive flask-based strategies.165,166,178,179,181 Despite the ease 

of setup assembly, the batch synthesis approach suffers from major limitations including 

inaccessible in-situ characterization for fast reactions, batch-to-batch variability, and 

poor/irreproducible mass transfer rates.183ï186 Such mass transfer limitations can result in non-

uniform cation doping of pristine Pb-halide PQDs during the fast cation doping reaction and 

hinder the accurate systematic and mechanistic studies of interactions between the dopants and 

host PQDs. Lack of fast homogeneous mixing and in-situ diagnostic probes in flask-based 

synthetic routes, make it extremely challenging to accurately study the important dynamics of the 

fast Mn-doping process under the reaction-limited regime. 

Solution-phase synthesis of Mn-doped CsPbCl3 QDs at room-temperature are amenable 

to flow synthesis techniques for accelerated fundamental and applied studies of the PQD doping 
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process.35,38,39,39ï42,44,46,50,51,69,187ï190 In contrast to batch synthesis techniques, flow synthesis and 

processing of Pb-halide PQDs can provide time- and material-efficient parameter space mapping, 

enhanced and controllable transport rates for fast reactions, and the prospect of real-time 

formulation optimization within the broad PQDs synthesis and processing parameter spaces.183ï

185 These advantages make in-flow material synthesis an effective strategy for both accurate 

mechanistic investigations of the doping process and scalable continuous nanomanufacturing of 

metal cation-doped Pb-halide PQDs. Microfluidic flow synthesis techniques can be divided into 

two primary flow formats, single- and multi-phase flow.183ï185,191 The slow axial/radial diffusive 

mixing in a single-phase flow regime can result in undesirable axial dispersions which limit 

accurate kinetic studies of fast reactions.183ï185 In contrast, multi-phase flow format benefits from 

intensified in-flow mixing, due to the formation of axisymmetric recirculation patterns within 

moving droplets.183ï185 Two-phase (liquid-liquid or gas-liquid) and three-phase (gas-liquid-

liquid) flow are two common flow formats utilized for the controlled in-flow nanomaterial 

synthesis.  

The fast kinetics of the solution-phase metal cation doping reactions of PQDs requires a 

precisely engineered time-to-space transformation along the length of the flow reactor to acquire 

in-situ spectral data with the time resolution needed for the precise dynamic visualization of the 

cation exchange reaction. Therefore, it is essential to establish a stable high-flowrate operational 

envelope, while achieving uniform mixing pattern within moving droplets of multi-phase flow. 

Despite the enhanced mixing of the reactive phase along the flow direction, the accessible 

operational window by a two-phase flow format is limited to maintain a stable flow pattern at 

high fluid velocities.192,193 However, introduction of an inert gas phase to establish a three-phase 

flow (gas-liquid-liquid) configuration can significantly expand the operational flow velocity of 
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the uniform multi-phase flow format, leading to simultaneous intensified mixing and the required 

time resolution for mechanistic studies of mass transfer-limited reactions.192,193 

 
Figure 2-1. Facile cation doping of CsPbCl3 QDs in flow. (A) Precise tuning of the metal cation 

doping of CsPbCl3 QDs in flow under UV irradiation (365 nm). (B) Schematic illustration of the 

capabilities of the modular microfluidic platform for rapid parameter space exploration, 

mechanistic studies, and continuous nanomanufacturing of Mn-doped CsPbCl3 QDs. 

 

In this study, we introduce, for the first time, a continuous flow synthetic route for facile 

Mn-doping of CsPbCl3 QDs with a high degree of tunability. We utilize a modular microfluidic 

platform, shown in Figure 2-1 for accurate reaction-limited kinetic studies, accelerated 

mechanistic investigation, and precise emission tuning of Mn-doped CsPbCl3 QDs (Figure 2-1A) 

through in-flow cation exchange reaction. Next, utilizing the computer-controlled flow synthesis 

platform equipped with a multimodal in-situ spectral characterization probe, we systematically 

investigate the effect of MnCl2 concentration and ligand composition on the kinetics and extent 
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of the room-temperature Pb-halide PQDs cation doping process. In light of these findings, we 

propose a heterogeneous surface doping mechanism mediated by a vacancy-assisted cation 

migration pathway. This study provides an in-depth fundamental understanding of the cation 

doping mechanism involved with the surface chemistry of the host Pb-halide PQDs and can open 

new synthetic routes for continuous nanomanufacturing of high-quality cation-doped Pb-halide 

PQDs (Figure 2-1B) for direct utilization in photonic and optoelectronic devices. 

2.3 Results and Discussion 

2.3.1 Cation doping in flow  

We developed and utilized a computer-controlled modular microfluidic platform to study 

the post-synthetic metal cation doping of Pb-halide PQDs toward enabling continuous on-

demand tuning of their optical and optoelectronic properties (Figure 2-2A). We adapted a single-

solvent chemistry to continuously synthesize Mn-doped CsPbCl3 QDs in flow at room 

temperature (Figure 2-2B). The choice of noncoordinating solvent, octadecene (ODE), as the 

doping solvent was to facilitate continuous nanomanufacturing of cation-doped Pb-halide PQDs 

in the same solvent utilized for the synthesis of the pristine PQDs. Oleylamine (OAm) was used 

to completely dissolve and activate the dopant source (MnCl2) in the nonpolar reaction solvent 

(ODE).182 For the synthesis of the pristine CsPbCl3 QDs, we adapted a modified hot-injection 

synthesis technique.182 The PQDs were purified using a conventional precipitation/redispersion 

strategy. Methyl acetate (MA) was used as a polar anti-solvent for the washing step. The pristine 

CsPbCl3 QDs were diluted to adjust the initial concentration of the Pb-halide PQDs for the 

continuous-flow Mn-doping process based on the reported extrinsic coefficient (Ů).194,195 

The modular microfluidic platform was integrated with a mobile multimodal spectral 

characterization probe (UV-Vis absorption and PL spectroscopy), capable of monitoring the 
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metal cation doping process along a 30 cm length of the flow reactor. Two inline static 

micromixers with a low dead volume (2 µl) were used to ensure homogenous mixing of the 

reactive precursors in the formulation module of the microfluidic platform (Figure 2-2A) before 

flow segmentation at the custom-built four-way fluidic junction. The addition of advective 

mixing in a secondary dimension (i.e., Dean flow) induced by the inline braided micromixers 

enables fast precursor mixing timescale, resulting in the reaction-limited Mn doping process 

within the moving droplets along the flow reactor.45 The combination of the built-in micromixers 

and high flow velocity three-phase flow format allows the in-flow metal cation doping to be 

operated under the reaction-limited regime, and thereby deconvolutes the effect of precursor 

mixing rate on the dynamics of the cation doping process along the 30 cm length of the flow 

reactor (i.e., reaction times spanning from 0.5 s to 5 s with time resolutions as low as 60 

ms).39,45,46 The mobile flow cell provides a broad range of information about the metal cation 

doping reaction through temporal in-situ UV-Vis absorption and PL spectroscopyðas the 

reactive phase droplets move along the flow reactorðincluding the population of QDs 

(absorption), the status of PQD surface defects (PL), the colloidal stability of the PQDs 

(absorption), and the intrinsic kinetics and extent of cation doping reaction (PL). Such 

information would provide valuable insights into the fundamental mechanisms controlling the 

cation doping of the CsPbCl3 QDs. Figures 2-2C-E illustrate an example of wealth of 

information about the cation doping of Pb-halide PQDs that could be readily obtained using the 

mobile flow cell integrated with the modular flow reactor.  

Figure 2-2C presents an exemplary time evolution of the UV-Vis absorption spectra of 

Mn-doped CsPbCl3 QDs over 5 s of the post-synthetic cation doping process. At t=0 s, the first 

excitonic peak is located at 375 nm (i.e., the pristine CsPbCl3 QDs). The position of the first 
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excitonic peak wavelength remained constant throughout the metal cation doping process. 

However, the second excitonic peak of the absorption spectra became more distinct and the 

absorption intensity at the first excitonic peak increased and reached a constant value after 2 s of 

the Mn-doping reaction.  These phenomena can be attributed to the suppression of the 

crystallographic defects (i.e., chloride vacancies and/or distorted [PbCl6] octahedra) presented in 

the crystalline lattice of the host CsPbCl3 QDs.196 In addition to the absorption spectra, temporal 

PL spectra of the PQDs with an excitation wavelength of 365 nm (fiber-coupled LED) were 

obtained in-situ, along the flow reactor (Figure 2-2D). At t=0 s, the exciton emission peak of the 

pristine CsPbCl3 QDs is centered at 400 nm with a full-width at half-maximum (FWHM) of 16 

nm. At t=0.56 s, a second emission peak became apparent near 616 nm which is due to the 

emergence of radiative recombination pathways through the exciton energy transfer to the Mn 

internal d-states.170,171 Upon initiation of the metal cation doping reaction in flow, the intensity of 

the exciton emission peak increased significantly until t=0.56 s, which can be attributed to the 

reduction of non-radiative localized trap states in the pristine CsPbCl3 QDs originating from the 

surface healing effect of the Mn-doping process.196 After t=0.56 s, the exciton peak intensity 

decreased and the Mn emission peak intensity increased gradually until reaching a plateau at 

t=1.63 s, indicating the completion of the Mn-doping reaction. This result shows, for the first 

time, that facile post-synthetic Mn-doping of Pb-halide PQDs can be achieved at timescales 

below 2 s. Over the course of the metal cation doping process, the location and FWHM of the 

exciton peak remained unchanged which indicates that the size distribution of the QDs before 

and after the doping process should be consistent. Moreover, through the cation doping process, 

the Mn emission peak red-shifted from 616 nm to 625 nm (0.56 s <t< 1.63 s), which is attributed 

to the formation and enhancement of Mn2+īMn2+ pairs.173,177,182  
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The incorporation of Mn2+ ions within the crystalline lattice of the pristine CsPbCl3 QDs 

is further confirmed through ex-situ X-band electron paramagnetic resonance (EPR) spectra of 

the pristine and Mn-doped CsPbCl3 QDs, shown in Figure A-1. Upon doping, the EPR spectra of 

the Mn-doped CsPbCl3 QDs (Figure A-1B) exhibits a single peak with a width of 23.5 G, 

confirming the successful in-flow doping and incorporation of Mn2+ ions into the lattice of the 

host PQDs through the post-synthetic cation doping process.170,177,182 In the case of homogeneous 

Mn doping, six equally spaced hyperfine profile splitting peaks (A~86 G) are expected in the 

EPR spectra of the Mn-doped CsPbCl3 QDs.170,177,182,197 Considering the low amount of the 

doped Mn in the host CsPbCl3 QDs (1.0±0.1% Mn2+, measured by EDS elemental mapping), the 

absence of six hyperfine splitting profile in the EPR spectra of the Mn-doped CsPbCl3 QDs 

indicates a strong interaction between the Mn2+īMn2+ pairs localized at the outer surface of the 

host PQDs. Interestingly, the EPR spectra of the aged Mn-doped CsPbCl3 QDs showed a six 

hyperfine splitting profile with a width of 86 G (Figure A-1C) which suggests the initiation of 

the inward diffusion of the surface Mn2+ centers into the bulk nanocrystal. This observation can 

be further confirmed with the slow blue-shift of the Mn emission peak from 625 nm to 618 nm 

(Figure A-1D) within 6 h after the in-flow Mn doping process. Similar phenomenon was 

reported by Hills-Kimball et al. as a result of the homogenous diffusion of the metal cation 

dopants into the bulk nanocrystal. From these results, it can be concluded that the in-flow Mn-

doping of CsPbCl3 QDs is an ultrafast heterogeneous surface doping reaction (~ 2s) followed by 

a slow inward diffusion process into the bulk nanocrystal (homogeneous).182 

In addition to the temporal PL and absorption spectra shown in Figure 2-2C and 2-2D, 

the area (An) of the exciton and the Mn emission peaks and their cumulative area, normalized 

with the absorbance value at the excitation wavelength (365 nm) at each instant of time during 
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the metal cation doping process are measured and presented in Figure 2-2E. The gradual 

decrease and increase of the exciton and Mn emission peak intensities (Figure 2-2D), 

respectively, imply the direction of the cation exchange process for the substitution of Pb2+ with 

Mn2+ in the PQD surface unit cells. The fact that the Mn-doping process reached to a completion 

after only 2 s indicates that the post-synthetic cation exchange process at room temperature is a 

fast surface reaction and the doping process halts once the available Pb2+ cations for exchange 

with Mn2+ cations at the outer surface of the PQDs are consumed.166,178 Figure A-2 exhibits the 

X-ray diffraction (XRD) patterns of the washed pristine CsPbCl3 QDs and the Mn-doped 

CsPbCl3 QDs. The XRD pattern reveals that the both undoped and doped PQDs are highly 

crystalline and possess a cubic perovskite CsPbCl3 crystal structure (JCPDS no. 75-0411).182 

There is no noticeable shift in the XRD peak positions before and after the metal cation doping 

process and the XRD patterns for the Mn-doped CsPbCl3 QDs remained structurally identical to 

the washed CsPbCl3 QDs. Previous reports of the homogeneous Mn doping of Pb-halide PQDs 

observed a forward shift in the XRD peak positions after the Mn-doping process as a result of the 

nanocrystal lattice contraction, since Mn2+ ions possess smaller ionic radius than Pb2+ 

ions.171,177,197 Our XRD results are in line with the study of Hills-Kimball et al.182 and indicate 

that the ultrafast post-synthetic Mn-doping process results in an extrinsic surface doping 

mechanism which has no significant effect on the intrinsic regions of the host PQDs and is not 

involved with an inward diffusion process towards the core structure of PQDs during the in-flow 

cation doping reaction (~ 2 s). Transmission electron microscopy (TEM) images of the pristine 

CsPbCl3 and Mn-doped CsPbCl3 nanocubes are shown in Figure A-3. TEM images of the 

pristine and Mn-doped CsPbCl3 QDs show a uniform cubic morphology. The preservation of the 
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average cube length of the PQDs before and after the post-synthetic metal cation doping process 

further confirms the heterogeneous surface doping mechanism.  

 
Figure 2-2. The overall capacity of the automated modular microfluidic platform for the 

accelerated high-throughput fundamental studies of the room-temperature, post-synthetic Mn-

doping of CsPbCl3 QDs. (A) Schematic illustration of the assembled modular microfluidic 

platform equipped with a precursor formulation, flow synthesis, and translational flow cell module 

for ultrafast continuous nanomanufacturing of Mn-doped CsPbCl3 QDs using a three-phase flow 

format. (B) Fluorescence images of the moving droplets of the Mn-doped CsPbCl3 QDs under UV 

illumination (365 nm) obtained via an in-flow dilution strategy. A representative 3D waterfall time 

evolution of the UV-Vis (C) absorption and (D) PL spectra of the Mn-doped CsPbCl3 QDs, 

obtained by the multimodal mobile flow cell. (E) The normalized exciton and Mn emission peaks 

and the cumulative area within the room-temperature, post-synthetic Mn-doping process. 

 

In order to have a deeper look into the heterogeneous surface doping mechanism of the 

Mn-doped Pb-halide PQDs, we need to first build an understanding of the surface chemistry of 

the starting CsPbCl3 QDs. It has been demonstrated that isolation and purification of Pb-halide 
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PQDs using polar solvents besides further dilution steps may deteriorate their colloidal/structural 

integrity because of the detachment of surface capping ligands, and thus the formation of surface 

defects, including chloride vacancies and distorted [PbCl6] octahedra.111,113 Thus, the post-

synthetic Mn-doping process can prevent the energy transfer loss through the pre-existing 

surface defects by filling the chloride vacancies, completing the distorted surface unit cells of the 

pristine Pb-halide PQDs, and forming a protective shell around the outer surface of the host 

PQDs. The time evolution of the peak emission areas during the Mn doping of Pb-halide PQDs 

(Figure 2-2E) reveals that the cumulative area increases until 2 s of the metal cation exchange 

reaction and then reaches a plateau which indicates the successful removal of some of the surface 

defects present at the surface of the pristine PQDs, which was further confirmed through 

increased total PLQY of the QDs from 0.5% (pristine CsPbCl3 QDs) to 4% (Mn-doped CsPbCl3 

QDs). Furthermore, the constant values of the exciton and Mn emission peaks areas after 2 s 

provide additional evidence for the completion of the ultrafast in-flow cation exchange reaction 

through a heterogeneous surface doping mechanism. It should be noted that although there are 

significant mass transfer and reaction kinetics limitations in batch reactors ð which affect the 

accurate kinetic studies of the ultrafast metal cation doping reaction in a batch reactor ð we do 

not expect a significant difference in the final PLQY of the Mn-doped CsPbCl3 QDs obtained by 

the flow vs. batch reactors; PLQY of the Mn-doped CsPbCl3 QDs synthesized in batch was 

3.5%. 

2.3.2 Mechanistic studies in flow 

To better understand the mechanism of the metal cation doping of Pb-halide PQDs, in the 

next set of experiments, we employed the modular microfluidic platform to investigate the 

effects of the dopant concentration and the ligand composition on the kinetics and extent of the 
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post-synthetic cation exchange reactions. The chemistry of the Mn precursor used in this study 

includes activated Mn precursor (i.e., MnCl2-OAm complex), as well as free chloride (Cl-) and 

oleylammonium (OAm+) ions that play important roles during the surface doping reaction. A 

systematic in-flow study of the effects of MnCl2 concentration (CM) and the ligand-to-solvent 

ratio (LRS= VOAm/VODE; where VOAm is volume of OAm and VODE is volume of ODE) on the 

kinetics and extent of the metal cation doping provides the synthesis science knowledge and 

framework to enable precision synthesis and fine tuning of the optical and optoelectronic 

properties of Pb-halide PQDs through a continuous, post-synthetic Mn-doping process. 

2.3.2.1 Effect of MnCl2 concentration on the in-flow cation doping 

In order to study the effect of cation dopant concentration on the kinetics and extent of 

Pb-halide PQD doping, we utilized the in-flow dilution module of the microfluidic synthesis 

platform to rapidly adjust the concentration of the dopant precursor prior to mixing with the host 

PQDs in the flow reactor. A concentrated stream of the MnCl2 precursor was mixed with a 

stream of the dilution solution containing the same solvent (ODE) and LRS. Different 

concentrations of MnCl2 were obtained by changing the volumetric flowrates of both fluidic 

streams, while keeping the total volumetric flowrate constant. As shown in Figure 2-2B, it was 

observed that the emission color of the Mn-doped CsPbCl3 QDs could be tuned from blue-violet 

to orange by continuously varying the concertation of the reactive MnCl2 precursor on-the-fly. 

For the purpose of our mechanistic studies, we monitored the metal cation doping of CsPbCl3 

QDs with six different concentrations of the dopant precursor. Figure 2-3A (and Figure A-4A) 

presents the steady state UV-Vis absorption spectra of the pristine and the Mn-doped CsPbCl3 

QDs. As can be seen in Figure 2-3A, the intensity of the first excitonic peak increased after 

doping, while its peak wavelength remained unchanged. This observation confirms the effect of 
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the metal cation doping in removal of some of the surface defects present in the pristine PQDs 

through a heterogeneous surface doping approach.196 The steady state PL spectra of Mn-doped 

CsPbCl3 QDs with different MnCl2 concentrations, shown in Figure 2-3B (and Figure A-4B), 

revealed that the exciton peak intensity enhanced drastically by the metal cation doping and then 

decreased, while the Mn emission peak increased until a certain CM value (18 mM), thereby 

suggesting a two-stage cation doping process: (i) defect removal and surface treatment of the 

pristine Pb-halide PQDs, and (ii)  initiation of the room-temperature metal cation exchange with 

surface Pb2+ cations. When changing CM from 7.2 mM to 18 mM, the exciton peak wavelength 

and FWHM of the Mn-doped CsPbCl3 QDs remained unchanged. However, the Mn emission 

peak red-shifted from 616 nm to 625 nm, accompanied by an increase in its area, indicating 

higher extent of Mn doping within the host CsPbCl3 QDs at higher CM values. Interestingly, 

when increasing the CM value from 18 mM to 22.5 mM, the exciton peak intensity increased, 

while the Mn emission peak decreased and blue-shifted to 619 nm. This observation suggests 

that at very high CM values, the cation exchange rate decreases, and the extent of doping reduces 

which can be attributed to the diffusion limitations induced by the presence of excess inactivated 

Mn2+ cations inhibiting the exchange of the activated Mn2+ cations with the surface Pb2+ cations. 

To further study the kinetics and the extent of the post-synthetic Mn-doping of Pb-halide 

PQDs, we introduced the term area ratio (Ar), which is defined as the ratio of the area under the 

Mn emission peak to the area under the exciton peak. Figure 2-3C shows how Ar varies during 

the metal cation exchange reaction in flow for six different dopant concentrations. Figure 2-3C 

reveals important information about the mechanism as well as the kinetics and extent of the 

metal cation doping process. One of the most important results of our study is that regardless of 

the operating CM value, the first Mn emission peak only appears after ~ 0.5 s of the reaction time. 
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This delay in the appearance of the Mn emission peak is referred as the incubation time in our 

study. Upon injection of the dopant precursor into the stream of the pristine CsPbCl3 QDs, the 

excess Cl- anions rapidly fill the Cl- vacancies present at the surface of the pristine CsPbCl3 QDs, 

and thus significantly reduce the population of the available distorted unit cells.111,113,166 During 

the incubation time, the excess free OAm+ ions bind to the halide sites at the outer surface units 

cells, forming an x-type oleylammonium chloride ligand shell.111 These two processes can 

explain the healing effect of the Mn-doping reaction for the removal of the surface defects in the 

beginning of the post-synthetic metal cation doping process (i.e., the increased exciton peak 

emission area). Next, the activated dopant precursors (i.e., MnCl2-OAm complex) bind to the 

available Cl- anions in the halide sites at the outer surface of the PQDs to initiate the cation 

exchange process.166 As shown in Figure 2-3C, by increasing the dopant concentration from 7.2 

mM to 18 mM, the extent and intrinsic kinetics of the Mn doping reaction increased up to CM = 

22.5 mM, and then decreased due to the less available free oleylammonium ions to bind to the 

surface of the pristine CsPbCl3 QDs and remove surface Pb2+ cations for the cation exchange 

reaction. The intrinsic kinetic constant (k1) of the Mn-doping reaction at different CM values are 

presented in Figure A-5A, which follow the same trend of Ar, discussed previously. 
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Figure 2-3. Effect of the metal cation dopant concentration (CM) on the kinetics and extent of the 

in-flow doping process. The steady state UV-Vis (A) absorption, and (B) PL spectra of the pristine 

and Mn-doped CsPbCl3 QDs at different concentrations of the dopant precursor. (C) The area ratio 

(Ar) variation of the exciton to Mn emission peaks over the course of the in-flow metal cation 

doping process for different CM values. The first 0.5 s is considered as the incubation time of the 

heterogeneous surface doping mechanism. (D) The normalized exciton, Mn, and total emission 

peaks of the Mn-doped CsPbCl3 QDs at different CM values. 

 

Figure 2-3D presents the normalized individual and the cumulative area under the exciton 

and the Mn emission peaks. It is apparent that during the surface doping of CsPbCl3 QDs, the 

surface defects of the Pb-halide PQDs are reduced, as the total peak emission areas of the Mn-

doped CsPbCl3 QDs increased for all tested dopant concentrations. When increasing the dopant 

concentration, the exciton peak area reduced until CM=18 mM and then increased at CM =22.5 

mM. Likewise, the normalized Mn emission peak area increased until CM=18 mM and then 

decreased at CM=22.5 mM. This finding is aligned with our previously proposed surface doping 

mechanism. At the maximum Mn doping (CM=18 mM), all the available surface Pb2+ cations are 

exchanged with the activated dopant precursor.166,178 At CM=22.5 mM, as the amount of OAm in 

the dopant precursor is constant, higher amounts of free Mn2+ cations are available in the dopant 

stream. The presence of free Mn2+ cations can interrupt the transfer of the activated MnCl2-OAm 
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complexes and inhibit their attachment to the halide sites and as a result fewer numbers of Pb2+ 

and Mn2+ cations can be exchanged at the surface of the CsPbCl3 QDs.  

2.3.2.2 Effect of ligand-to-solvent ratio on the in-flow cation doping 

Following the studies of the effect of dopant concentration on the cation doping of Pb-

halide PQDs, in the next set of experiments, we assessed the effect of ligand composition present 

in the dopant precursor on the heterogeneous surface doping reaction. The concentration of the 

MnCl2 salt was remained constant while varying the ligand-to-solvent ratio. Four different LRS 

values were explored for our in-flow cation doping studies. Figure 2-4A (and Figure A-4C) 

shows the steady state UV-Vis absorption spectra of the Mn-doped CsPbCl3 QDs at different LRS 

values. Except for the LRS=0, the absorption intensity at the first excitonic peak increased after 

Mn doping, which confirms the role of the cation doping in the elimination of the localized 

surface traps. It should be noted that at LRS=0 (i.e., in the absence of OAm), the MnCl2 salt 

cannot be completely dissolved in ODE.182 Therefore, the absence of surface doping reaction is 

expected at LRS=0. The steady state PL spectra of the four studied ligand compositions are shown 

in Figure 2-4B (and Figure A-4D). At LRS=0, there is no evidence of the Mn emission peak, 

indicating the lack of Mn doping in the absence of OAm to activate the doping precursor. The 

critical role of the OAm for the activation of MnCl2 precursor and the Mn-doping surface 

reaction has previously been demonstrated.166,182 We postulated that the formation of the 

activated MnCl2-OAm complexes in the dopant precursor followed by their binding to the halide 

sites in the truncated [PbCl6] octahedra present at the outer surface of the pristine CsPbCl3 QDs, 

provides an opportunity for the MnCl2-OAm complexes to be exchanged with PbCl2-OAm at the 

surface octahedra through a cation migration. At LRS=0.1, as a result of surface doping reaction, 

the exciton peak intensity increased and Mn emission peak became apparent. However, by 
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further increasing the LRS beyond 0.1, the exciton and Mn emission peaks both diminished. A 

similar trend was observed in the Ar values (Figure 2-4C) and the intrinsic doping constant 

(Figure A-5B), indicating a slower intrinsic kinetic and lower extent of the Mn doping at high 

LRS values. This phenomena could be attributed to the fact that at higher LRS values, higher 

amounts of free OAm+ ions might deteriorate the host CsPbCl3 QDs.182 Therefore, at high LRS 

values, lower amounts of octahedra, and thus the surface Pb2+ cations are available to be 

exchanged with the activated dopant precursors. Moreover, due to the higher availability of 

excess OAm+ ions at high LRS values, similar to the effect of high CM values, a fewer MnCl2-

OAm complexes could be exchanged at the surface of the pristine CsPbCl3 QDs, due to the 

induced diffusion limitations. These observations are in line with the observation of the exciton 

and Mn emission peak areas at different LRS values, shown in Figure 2-4D. At LRS>0.1, the 

normalized exciton and Mn emission peak areas, as well as the total emission peak areas 

decreased for all LRS values tested here, which indicates a lower extent of Mn-doping as a result 

of the lower cation exchange reaction rates. The decrease in both the normalized Mn emission 

peak area and the normalized exciton peak area suggests (i) the lower amounts of the surface 

Pb2+ cations present at high LRS values, and (ii)  the lower exchange rate between the MnCl2-

OAm complexes and PbCl2-OAm units at the surface unit cells. Furthermore, we studied the 

detrimental effect of high amounts of free OAm+ ions on the colloidal integrity of the PQDs and 

the dynamics of the cation doping process. Figure A-6A and A-6B show the in-situ obtained UV-

Vis absorption spectra of the pristine CsPbCl3 QDs diluted in-flow with ODE in the absence and 

presence of OAm (LRS=0.1), respectively. As shown in Figures A-6A and A-6B, the absorption 

intensity values diminished slightly in the presence of OAm and reached a plateau within 2 s. 

Moreover, the effect of OAm on the UV-Vis absorption spectra of the washed CsPbCl3 QDs at 
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different dilution ratios were studied and presented in Figure A-6C. As expected, in the presence 

of high concentration of OAm, the well-defined excitonic features of the UV-Vis absorption 

spectra of CsPbCl3 QDs were diminished, indicating the degradation of CsPbCl3 QDs. Therefore, 

it can be concluded that at high LRS, both the structural integrity of the CsPbCl3 QDs and the 

kinetics and the extent of the Mn doping reaction could be negatively impacted.   

In summary, the automated modular microfluidic platform enabled us to reveal the 

complex dynamics of the heterogeneous surface cation doping of Pb-halide PQDs that was 

otherwise impossible to deconvolute and study using conventional flask-based synthesis 

techniques. Moreover, the developed modular microfluidic platform in this work can be readily 

adapted for accurate fundamental investigations and continuous flow doping of other 

nanocrystals hosts and impurities. In one example, we utilized the same flow chemistry strategy 

developed in this work to perform successful Mn-doping of CsPbBr3 QDsðsynthesized using 

our previously reported protocol.45 Figure A-7 shows the steady state UV-Vis absorption and PL 

spectra of the pristine and Mn-doped CsPbBr3 QDs. As shown in Figure A-7, upon Mn doping of 

CsPbBr3 QDs, the excitonic PL peak blue-shifted from 492 nm to 408 nm as a result of 

simultaneous anion exchange and cation doping reactions.  

Based on our in-situ spectral and offline structural characterization results, we propose a 

vacancy-assisted cation migration mechanism for the room-temperature, post-synthetic Mn-

doping of CsPbCl3 QDs. Figure 2-5 shows a schematic illustration of the surface processes 

involved during the heterogeneous metal cation doping of Pb-halide PQDs. This mechanism is 

dissected into two stages of (i) an early-stage surface healing/treatment reaction within the 

incubation time (~ 0.5 s), and (ii)  a surface cation exchange reaction which can be rapidly 

conducted in ~ 2 s. 
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Given the labile ionic nature of the ligands and ligand-metal bindings, the purification of 

the CsPbCl3 QDs with polar methyl acetate anti-solvent and then the following dilution steps, 

desorb a major fraction of ligands around the surface of the pristine PQDs.113,196 The surface 

defects of the washed CsPbCl3 QDs cannot only be limited to the ligand removals and includes 

the formation of Cl- vacancies and distorted octahedra unit cells mostly at the outer surface of the 

PQDs.113 Upon mixing of the MnCl2 precursor with the purified CsPbCl3 QDs, the excess free 

Cl- anions present in the dopant precursor fill the vacant halide sites of truncated [PbCl6] unit 

cells present at the surface of the PQDs. Next, the excess free unprotonated OAm+ cations, 

coming from the MnCl2 precursor, bind to the Cl- anions located in the surface unit cells and 

form the x-type oleylammonium chloride ligand shell.111,166 De Roo et al. has previously 

demonstrated that the surface of the CsPbBr3 nanocrystals can be passivated through a pair of x-

type ligands, binding with the oleylammonium cations to the surface bromide sites.111 Following 

these two steps, a portion of localized surface traps are removed, and a new ligand shell 

environment is created around the outer surface of the CsPbCl3 QDs. The enhanced UV-Vis 

absorption intensity values of the first excitonic peak along with the enhanced exciton emission 

peak intensity at the early stage of the metal cation doping process further support the existence 

of a surface defect removal step in the surface doping mechanism. Then, the activated MnCl2-

OAm complexes can attach to the available halide sites in the surface unit cells to initiate the Mn 

doping process.166  
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Figure 2-4. Effect of ligand-to-solvent ratio (RLS) on the kinetics and extent of the in-flow Mn-

doping process. The steady state UV-Vis (A) absorption and (B) PL spectra of the pristine and 

Mn-doped CsPbCl3 QDs at different ligand-to-solvent ratios. (C) The area ratio (Ar) variation of 

the exciton to Mn emission peaks over the course of the in-flow metal cation doping process for 

different LRS values. The first 0.5 s is considered as the incubation time of the heterogeneous 

surface doping mechanism. (D) The normalized exciton, Mn, and total emission peaks of the 

Mn-doped CsPbCl3 QDs at different LRS values. 

 

In the second stage of the cation doping process, the MnCl2-OAm complex is exchanged 

with the PbCl2-OAm complex in the surface unit cell, forming the surface [MnCl6] octahedra, 

passivated by oleylamonium chloride ligands.111,166 Due to the rigid structure of Pb2+ cations 

surrounded by halide salts, it requires a high activation energy to form Pb2+ vacancies and 

perform Pb2+-to-Mn2+ cation exchange reactions.178,181 When the concentration of MnCl2 

increases, the population of the activated MnCl2-OAm complexes increases, and therefore the 

extent of Mn-doping is enhanced and the cation exchange surface reaction reaches to completion 

in a shorter period of time (i.e., faster intrinsic doping kinetics). However, upon further 

increasing the concentration of MnCl2 in the dopant precursor at a constant LSR, the number of 

available free Mn2+ cations in the dopant precursor increases which disrupts the dynamics of the 

doping process by inducing mass transfer limitations for the activated MnCl2-OAm complexes. 
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Therefore, the cation exchange reaction rate and the extent of Mn-doping decrease. In addition, 

at high ligand-to-solvent ratios (LRS>0.1), the basic environment induced by OAm+ cations, 

deteriorates the integrity of the CsPbCl3 QDs present in the reaction mixture. Additionally, at 

high values of LRS (similar to high CM), excess OAm+ cations can promote diffusion limitations 

and decrease the cation exchange rate. The low activation energy requirement for the formation 

of Cl- vacancies enables MnCl2-OAm complex to be exchanged with the PbCl2-OAm surface 

unit through the proposed vacancy-assisted cation migration mechanism.166,178 

 
Figure 2-5. Schematic illustration of the vacancy-assisted metal cation migration mechanism 

during the room-temperate, post-synthetic Mn-doping of CsPbCl3 QDs. 

 

2.4 Conclusion 

In conclusion, we introduced a facile and tunable microfluidic synthesis approach for the 

continuous metal cation doping of Pb-halide PQDs. We utilized a modular robotic flow synthesis 

platform for the time- and resource-efficient mechanistic investigations of the metal cation 

doping of CsPbCl3 QDs with high degree of emission tunability. The integration of a mobile, 

multimodal spectral characterization probe with the modular microfluidic platform allowed us to 

accurately study the kinetics and reveal the mechanism of the metal cation doping of CsPbCl3 

QDs with a time resolution of 60 ms, which is otherwise impossible using current flask-based 

QD synthesis strategies. Utilizing the developed microfluidic platform, we rapidly investigated 



   

67 

 

the effect of metal cation dopant precursor concentration and ligand composition on the 

optoelectronic properties of Mn-doped CsPbCl3 QDs and proposed a two-stage heterogeneous 

surface doping mechanism through the vacancy-assisted metal cation migration. 

In addition to the fundamental mechanistic studies of the metal cation doping process, we 

demonstrated the first ultrafast continuous nanomanufacturing route (~ 2s reaction time) of 

precision-tailored Mn-doped CsPbCl3 QDs for next-generation energy technologies. Further 

development and adoption of the developed in-flow metal cation doping strategy towards other 

impurity-doped nanomaterials is expected to significantly accelerate development of optimal 

formulations of novel energy-relevant nanomaterials with unique physicochemical and 

optoelectronic properties at a fraction of time and cost of currently utilized batch techniques. 

2.5 Experimental Methods 

2.5.1 Materials 

Lead (II) chloride (99%) and manganese chloride (97%, anhydrous) were purchased from 

STERM Chemicals. Methyl acetate (MA, 99%, extra pure) and 1-octadecene (ODE, 90%) were 

purchased from ACROS Organics. Oleylamine (OAm, 70%), oleic acid (OA, 90%), and cesium 

carbonate (Cs2CO3, 99.9%) were purchased from Sigma-Aldrich. Hexane (certified ACS) was 

purchased from Fisher Scientific. High-performance heat transfer perfluorinated oil (PFO, 

Galden HT 270) was purchased from Solvay. Argon (Ar) and nitrogen (N2) tanks were 

purchased from Airgas. All the chemicals were used without further purifications.  

2.5.2 Preparation of CsPbCl3 QDs  

CsPbCl3 QD precursors were prepared by adapting the procedure reported by Hills-

Kimball et al. with slight modifications.182 First, Cs-oleate precursor was prepared by loading 

102 mg Cs2CO3, 5 mL ODE, and 312.5 µL OA in a 24 ml septa vial and heating at 120oC for 1 h 
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under vacuum to obtain a clear solution. To ensure complete dissolution of Cs2CO3, the solution 

remained at 120oC and was heated for 1 h under N2. The vacuum and the flow of N2 were 

controlled using an in-house Schlenk line system. Next, 0.748 mmol PbCl2 (208 mg), 20 mL 

ODE, 2 mL dried OA and 2 mL dried OAm were added into a 100 mL 3-neck flask, followed by 

heating under vacuum at 120oC for 1 h to obtain complete dissolution of PbCl2 salts. Then, the 

mixture was heated to reach 170oC under N2 and vigorous stirring. To synthesize CsPbCl3 QDs, 

1.6 ml of the Cs-oleate precursor was rapidly injected into the heated PbCl2 solution and the 

mixture was immediately cooled in an ice bath. To purify the synthesized CsPbCl3 QDs, the 

crude mixture was washed with MA with a volumetric ratio of 1:2 CsPbCl3 QDs:MA. The 

collected colloidal suspension was then centrifuged at 6500 rpm for 6 min to separate the white 

precipitates of PQDs from the supernatant. The precipitated CsPbCl3 QDs were re-dispersed in 

ODE to form the colloidally stable washed QDs for the in-flow cation doping studies. The initial 

concentration of the CsPbCl3 QDs were maintained at 3.3*10-7 M using the absorbance value at 

380 nm and reported intrinsic absorption coefficient for the size distribution of CsPbCl3 QDs 

spanning from 9 to 11 nm.194,195 

2.5.3 Preparation of MnCl 2 precursor 

To prepare MnCl2 precursor, 0.8 mmol dried MnCl2 (100.6 mg) salts, 20 mL ODE, and 2 

mL dried OAm (LRS=0.1) were loaded in a 40 ml septa vial and heated under flow of N2 at 120oC 

for 2 h to completely s dissolve the MnCl2 salt. 

2.5.4 Microfluidic platform  

Flow synthesis of Mn-doped CsPbCl3 QDs was carried out in an automated modular 

microfluidic platform previously developed in our group.39,45 The assembly of the microfluidic 

platform involves three structural core modules of the support structure, flow cell, and sampling 
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tracks (custom-machined in aluminum, Stratasys Direct Manufacturing). All the fluid streaming 

components (tubing, fluidic connections, and fittings) were purchased from IDEX-Health & 

Sciences. An in-house LabVIEW script was utilized to centralize control of different modules of 

the automated microfluidic platform, including a dual syringe pump (Chemyx, Fusion 4000), a 

mass flow controller (Bronkhorst, EL-FLOW Select), a 30 cm translational stage (Thorlabs, 

LTS300, with a maximum linear velocity of 5 cm sī1), a high-power LED (Thorlabs, M365LP1), 

fiber-coupled light source (Ocean Insight, DH-2000BAL), and a fiber-coupled 

photospectrometer (Ocean Insight, Ocean HDX Miniature Spectrometer).  

2.5.5 In-flow cation doping of Pb-halide PQDs 

Continuous metal cation doping of CsPbCl3 QDs was carried out at room temperature in 

the modular microfluidic platform shown in Figure 2-2A. The washed CsPbCl3 QDs and MnCl2 

precursor were loaded in gas-tight stainless steel (SS) syringes (Chemyx, 50 ml) under inert 

condition. To achieve in-flow concentration tuning of the dopant precursor, the dopant solvent 

(ODE) with the same ligand-to-solvent ratio (OAm:ODE) was prepared and loaded in another SS 

syringes under inert condition. Fluorinated ethylene propylene (FEP) tubing (0.02ǌ ID, 1/16ǌ 

OD) was utilized to connect the precursor syringes to off-the-shelf T-junctions and a custom-

designed polyether ether ketone (PEEK) four-way junction. The FEP tubing (0.01ǌ ID, 1/16ǌ 

OD) was also used to fabricate two in-line static micromixers with the dead volume of 2 µl for 

intensifying the microscale mixing efficiency of the chemical precursors.45,50,51,187 The 

concentrated MnCl2 precursor and dilution solution streams were directed to an off-the-shelf T-

junction and then passed through a braided micromixer to continuously adjust the concentration 

of the dopant precursor prior to the cation doping process. Next, the diluted stream of MnCl2 and 

washed CsPbCl3 QDs were mixed in another in-series T-junction and braided micromixer to 
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achieve a homogenous reactive mixture before entering the modular microfluidic reactor. The 

pre-mixed cation exchange reaction solution and the inert carrier fluids (i.e., Ar and PFO) were 

then directed to the modified PEEK cross-junction to form a three-phase flow throughout the 

flow reactor (FEP tubing, 1/16ǌ ID, 1/8ǌ OD). The in-flow cation doping process was accurately 

and thoroughly monitored at different residence times along the flow reactor without changing 

the precursor flowrates (i.e., mixing timescale). The mobile three-port flowcell installed on the 

translational stage enabled monitoring of the fast cation doping reaction through time to space 

transformation at 22 distinct optical ports. Concentrations of the dopant precursor and OAm were 

tuned on the fly by adjusting the volumetric flow rates of the washed CsPbCl3 QDs (Q1) and the 

diluted MnCl2 precursor (Q2=Q2-1+Q2-2; where Q2-1 and Q2-2 are the volumetric flow rates of the 

concentrated MnCl2 precursor and the dilution solution, respectively) to be Q1:Q2=1:1. To 

establish a stable three-phase flow at high axial flow velocity (Video S1) for reaction-limited 

kinetic and mechanistic studies of the cation doping process, the flow rates of  Ar and PFO 

streams were set at 5 ml/min and 1 ml/min, respectively. Mathematical correction factors were 

calculated and applied to ensure identical absorption and photoluminescence results for one 

unique sample across all optical monitoring ports along the flow reactor.39 

2.5.6 Flow cell validation 

A 1 mm×10 mm quartz cuvette was used for off-line absorption validation of the in-situ 

obtained spectra via the three-port flow cell installed on the translational stage. Moreover, the 

accurate PL spectroscopy by the mobile flow cell was validated, using a bench-top PL 

spectrometer (Edinburgh FS5). As shown in Figure A-8, the in-situ obtained absorption and PL 

spectra from the microfluidic platform matched the spectra obtained from the offline 

measurements with the quartz cuvette and PL spectrometer. 
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2.5.7 Offline characterization 

The washed CsPbCl3 QDs and Mn-doped CsPbCl3 QDs were analyzed using 

transmission electron microscopy (TEM) and X-ray diffraction (XRD). TEM imaging was 

conducted using an FEI Talos F200X operated at an acceleration voltage of 200 kV to acquire 

the morphology of the PQDs. TEM samples were prepared by drop-casting the PQD solution 

onto a copper TEM grid (Ted Pella Inc., 200 Mesh Carbon Film). To characterize the crystalline 

structure of the in-flow synthesized Mn-doped CsPbCl3 QDs, XRD patterns were recorded by a 

Rigaku SmartLab X-Ray diffractometer equipped with Cu KŬ radiation (ɚ = 0.154 nm) operating 

at 40 kV. Supplementary elemental mapping was carried out using the energy dispersive X-ray 

spectroscopy (EDS) of FEI Talos F200X. Electron paramagnetic resonance (EPR) spectroscopy 

measurements were conducted using a Bruker ELEXSYS E500 X-Band CW Spectrometer. The 

washed CsPbCl3 QDs and Mn-doped CsPbCl3 QDs were dispersed in hexane and characterized 

at room-temperature with a modulation amplitude of 4 G and a power of 2 mW. Quinine sulfate 

in 0.05 M sulfuric acid was used as the reference for the relative PLQY measurements of the 

Mn-doped CsPbCl3 QDs. The PLQY measurement was conducted in a 10 mm×10 mm quartz 

cuvette, and all the absorption values were kept below 0.1 at the excitation wavelength (365 nm). 

Further information can be found in our previous studies.45,50,51 
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CHAPTER 3: Autonomous Nanocrystal Doping by Self-Driving Fluidic Micro -Processors 

Bateni, F.; Epps, R. W.; Antami, K.; Dargis, R.; Bennett, J. A.; Reyes, K. G.; Abolhasani, M. 

Advanced Intelligent Systems (2022), 2200017.  

 

3.1 Abstract 

Lead halide perovskite (LHP) nanocrystals (NCs) are considered an emerging class of 

advanced functional materials with numerous outstanding optoelectronic characteristics. Despite 

their success in the field, their precision synthesis and fundamental mechanistic studies remain a 

challenge. The vast colloidal synthesis and processing parameter space of LHP NCs in 

combination with the batch-to-batch and lab-to-lab variation problems further complicate their 

progress. In response, we present a self-driving fluidic micro-processor for accelerated 

navigation through the complex synthesis and processing parameter space of NCs with multi-

stage chemistries. We demonstrate the capability of the developed autonomous experimentation 

strategy for a time-, material-, and labor-efficient search through the sequential halide exchange 

and cation doping reactions of LHP NCs. Next, we autonomously build a machine learning 

model of the modular fluidic micro-processors for accelerated fundamental studies of the in-flow 

metal cation doping of LHP NCs. The surrogate model of the sequential halide exchange and 

cation doping reactions of LHP NCs is then utilized for five closed-loop synthesis campaigns 

with different target NC doping levels. The precise and intelligent NC synthesis and processing 

strategy, presented in this work, can be further applied towards the autonomous discovery and 

development of novel impurity-doped NCs with applications in next-generation energy 

technologies. 

3.2 Introduction 

Lead halide perovskite (LHP) nanocrystals (NCs) have recently emerged as a promising 

class of energy materials with intriguing optical and optoelectronic properties, including high 
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defect tolerance, near-unity photoluminescence quantum yield (PLQY), high color purity, and 

facile bandgap tunability.1,45,134,198ï200 Due to these unique properties, LHP NCs have 

demonstrated outstanding performance in energy technologies and devices, including solar 

cells,5,201,202 luminescence solar concentrators,169,203 light emitting diodes (LEDs),16,204 and 

photodetectors.160,161 

Metal cation doping of LHP NCs with transition-metal ions (e.g., copper, manganese 

(Mn), zinc, nickel)ðthrough partial replacement of lead (Pb2+) ionsðcan introduce new 

functionalities and enable tuning of optical, electronic, and/or magnetic properties of the host 

NCs.170,171 For example, metal cation doping of cesium lead chloride (CsPbCl3) NCs with Mn 

can increase the total PLQY of the NCs by 30 folds, while introducing a new Mn-induced red-

orange emission window.205,206 The solution processibility and ionic nature of LHP NCs allow 

for numerous synthetic routes for their synthesis, bandgap tuning, and impurity doping through 

one-pot or multi-stage strategies.  

Despite the success and progress of the metal halide perovskite NCs in the field, the high-

dimensional space of intrinsic and extrinsic parameters of metal cation-doped LHP NCs makes it 

challenging to conduct both fundamental and applied studies of these NCs using conventional 

manual one-at-a-time experimentation or combinatorial screening techniques.207ï209 The recent 

emergence of machine learning (ML) and artificial intelligence (AI)-guided reaction space 

exploration208ï215 and optimization216,217 strategies provide an exciting opportunity to reshape the 

parameter space exploration of complex reactions across multiple length scales (e.g., NC 

synthesis and doping) using autonomous experimentation.185,218,219 Over the past five years, the 

concept of ML-guided experimentation has been applied to a wide range of organic and 

inorganic syntheses, including pharmaceuticals,220 metal electrocatalysts,221 carbon dots,222 and 
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magnetic resonance imaging agents,223 as well as nanoparticles.51,187,210,224 The closed-loop ML-

guided optimization techniques vary from black-box225 to informed226,227 modeling techniques.  

The key to achieving an accelerated synthesis science studies of LHP NCs is an 

automated, reproducible, and material-efficient experimentation technique, integrated with an 

online NC characterization probe, with minimal reagent consumption and waste generation. 

Despite the ease of operation of the most commonly used NC synthesis technique, i.e., batch 

reactors (flask-based synthesis), their irreproducible/uncontrollable heat and mass transfer rates, 

large chemical consumption and waste generation per synthesis condition, and lack of online 

characterization tools complicate their utilization in closed-loop exploration of LHP NC 

synthesis and processing parameter space.183,184 Fluidic micro-processors, defined as microscale 

processing units which may operate different chemical/physical processes on fluids (e.g., mixing, 

synthesis, extraction, separation) in a flow chemistry platform, with their reproducible and 

tunable mass and heat transfer rates, as well as ease of integration with online NC 

characterization probes are considered an ideal experimentation technique for autonomous 

synthetic route discovery and accelerated reaction space exploration of colloidal NCs.45,183,228,229  

Our research group has recently developed an Artificial Chemist technology, that is a 

robo-fluidic experimentation platform for autonomous single- and multi-stage synthesis and 

multi-objective optimization of colloidal NCs.51,187 In addition to closed-loop formulation 

optimization, we have recently demonstrated the potential of the in house-generated data (i.e., 

experimental data sets that are generated with the same robotic experimental platform in a 

research lab) using fluidic micro-processors for surrogate modeling of material synthesis in 

flow.230 In this work, we demonstrate the application of the Artificial Chemist to fundamental 

and applied synthesis science studies of metal cation-doped LHP NCs using cesium lead bromide 
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(CsPbBr3) NCs and Mn as the model LHP and impurity dopant, respectively. First, we 

demonstrate, for the first time, sequential halide exchange and cation doping of LHP NCs with 

an experimentally accessible parameter space exceeding 1.6×1011 (i.e., total number of possible 

experiments calculated based on the accuracy and range of the fluid delivery module). Next, 

using a ódigital twinô of the hardware of the Artificial Chemist, that is an accurate ML model of 

the sequential halide exchange and cation doping reactions of LHP NCs, we investigate and 

identify the key independent input parameters controlling the metal cation doping of LHP NCs. 

Then, we study the closed-loop multi-stage synthesis of Mn-doped LHP NCs with multiple 

optimization campaigns using an active learning (AL) strategy. Specifically, we assess the role 

of in house-generated prior knowledge on the accuracy of the informative surrogate model to 

minimize the overall experimental cost for building the most accurate ML model of the Mn-

doped LHP NCs (i.e., closest to the ground truth). Figure 3-1 illustrates an overview of the self-

driven multi-stage fluidic micro-processor for accelerated fundamental studies and autonomous 

synthesis of Mn-doped CsPb(Cl/Br)3 NCs. The presented ML-guided flow chemistry 

experimentation technique can enable accelerated and accurate mapping of complex formulation-

synthesis-property relationship of a wide range of energy-relevant materials beyond LHPs 

towards informed material synthesis with targeted optical or optoelectronic properties, as well as 

mechanistic understanding. 
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Figure 3-1. Conceptual illustration of the self-driving multi-stage fluidic micro-processor for 

autonomous synthesis and optimization, as well as accelerated fundamental studies of metal 

cation doped LHP NCs. 

 

3.3. Results and discussion 

The developed self-driving fluidic micro-processor for the autonomous halide exchange 

and cation doping of LHP NCs is shown in Figure 3-2A. The hardware of the robo-fluidic self-

driving platform includes: (i) fluid delivery module which automatically centralizes the network 

of 10 input fluid streams (9 liquid and 1 gas). All the individually controlled input streams result 

in the formation of three main precursors (P1, P2, P3) defined in Table 3-1. P1 represents the 

starting CsPbBr3 NCs precursor that is diluted with toluene (TOL) in flow. P2 represents the 

halide exchange precursor which includes tin chloride (SnCl4) as the halide source along with 

oleylamine (OAm) and oleic acid (OA) as the ligands. We selected SnCl4 as the halide source 

because of its previous success in Mn doping of CsPbCl3 NCs compared to other chloride 

salts.165 P3 represent the metal cation dopant precursor that is comprised of manganese acetate 

(Mn(Ac)2) as the Mn source dissolved in 1-octadecene (ODE) and activated with OA.  Within 

each closed-loop experimental iteration of the ML-guided optimization campaign, the 

formulation of the three main precursors is autonomously adjusted. The volumetric flow rates for 



   

77 

 

each input liquid stream, selected by the experiment-selection algorithm (i.e., the decision-

making policy under uncertainty), are automatically applied to the precursor delivery module (9 

computer-controlled syringe pumps for controlling liquid streams). (ii)  The reaction module 

consists of two in-series fluidic micro-processors for sequential halide exchange of CsPbBr3 NCs 

(micro-processor 1) and cation doping of CsPb(Cl/Br)3 (micro-processor 2).  The UV-

illuminated images of the halide-exchanged and cation-doped LHP NCs in their corresponding 

fluidic micro-processors are presented in Figures 3-2B and 3-2C, respectively. The halide 

exchange reaction takes place in micro-processor 1 by in-flow mixing of the CsPbBr3 NCs and 

SnCl4 precursors formulated from P1 and P2 streams, as the reactive phase in a three-phase (gas-

liquid-liquid) flow configuration. The three-phase flow format, using argon (Ar) as the spacer 

between the reactive phase droplets and perfluorinated oil (PFO) as the inert carrier fluid, is 

specifically selected to allow for facile self-synchronized sequential addition of the cation doping 

precursor into the moving reactive phase between micro-processors 1 and 2.187,231 Following the 

halide exchange reaction, the cation doping reaction occurs in micro-processor 2 through in-line 

injection of Mn(Ac)2 precursor (P3) into the moving reactive phase droplets containing 

CsPb(Cl/Br)3 NCs, without an intermediate NC washing/purification stage in the workflow. (iii)  

The online NC characterization module is utilized for real-time in-situ monitoring of the 

photoluminescence (PL) spectra of the in-flow synthesized NCs through two custom-machined 

flow cell modules integrated at the outlets of each fluidic micro-processor. An optical switch is 

used to automatically control the successive recording of PL spectra corresponding to the halide 

exchange and cation doping reactions. The obtained PL spectra from both flow cells were 

validated using a bench-top PL spectrometer (Figure B-1). Both in-situ obtained PL spectra were 

utilized for investigating the three-phase flow uniformity in each fluidic micro-processor. An 
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automated data processing algorithm of the in-situ obtained PL spectra was also developed to 

identify the optical properties of the cation-doped LHP NCs. The excitonic PL peak wavelength 

(EP) and Mn:exciton emission peak area ratio (RA), automatically extracted from the in-situ 

obtained PL spectra of the in-flow synthesized LHP NCs were utilized as the two output 

parameters of the self-driving fluidic micro-processor. The overall operational workflow of the 

inter-connecting modules applied in the autonomous fluidic micro-processor was controlled by 

an in-house developed process automation code (LabVIEW). Figure B-3 shows the photographs 

of the developed modular self-driving fluidic micro-processors. 

Table 3-1. Formulation descriptions for the formation of the three main precursors, used in the 

sequential halide exchange and cation doping reactions. 

Precursor 

stream 
Composition Description 

P1 Starting CsPbBr3 NCs and TOL Inline-diluted CsPbBr3 NCs 

P2 
Starting SnCl4 precursor, OAm, OA, 

and TOL 

Inline-diluted halide exchange 

precursor 

P3 
Starting Mn(Ac)2 precursor, OA, and 

ODE 

Inline-diluted cation doping 

precursor 
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Figure 3-2. (A) Schematic illustration of the self-driving fluidic micro-processors used for 

successive halide exchange and cation doping of LHP NCs. UV-illuminated images of the reactive 

phase droplets during the ML-guided (B) halide exchange and (C) cation doping stages. Temporal 

PL spectra of (D) the halide exchange reaction of CsPbBr3 NCs with SnCl4, and (E) the cation 

doping reaction with Mn(Ac)2. The subplot in panel (E) shows the time evolution of RA reaching 

a plateau within 60 s. (F) Schematic illustration of temporal PL spectra recording at different 

residence times along the flow reactor under the same mixing time. 
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Following the development of the hardware of the self-driving fluidic micro-processors, 

we studied the slowest reaction time within each micro-processor. The length of each flow 

reactor was then selected in a way to ensure the online data acquisitions of the halide exchange 

and cation doping reactions were conducted post-reaction completion. The temporal PL spectra 

for the slowest halide exchange and cation doping reactions are presented in Figures 3-2D and 3-

2E. The temporal PL spectra for both halide exchange and cation doping reactions were obtained 

by keeping the total volumetric flow rate constant (i.e., constant mass transfer rate) and varying 

the position of the flow cell along the flow reactor to achieve different reaction (residence) times 

under the same precursor mixing timescale (Figure 3-2F). As shown in Figures 3-2D and 3-2E, 

the halide exchange and cation doping reactions reach completion in 45 s and 60 s, 

respectively.45,231 Therefore, fluidic micro-processors 1 and 2 were designed in a way to achieve 

residence times of 60 s and 90 s, respectively. These design criteria were selected to ensure data 

acquisition was carried out once both reactions were completed. 

3.3.1. Precision of the Fluidic Micro-processors 

The critical aspects of the developed self-driving fluidic micro-processors to ensure 

minimized total experimental cost for both fundamental and applied studies of colloidal NCs 

include (i) the uniformity of the reactive phase droplets, (ii) flow stability over extended period 

of time, (iii) reliability of the in-line precursor injection, and (iv) reproducibility of the in-flow 

NC synthesis. Thus, in the next set of experiments, we conducted a series of flow 

characterization and sampling precision experiments. The steady state time is defined as the 

duration of waiting time from triggering the precursor delivery module until uniform and well-

mixed droplets of cation-doped LHP NCs reach the online characterization module placed after 

micro-processor 2. Figure 3-3A shows the temporal evolution of RA over 10 min for three 
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different formulations of Mn:CsPb(Cl/Br)3 NCs. As can be seen in Figure 3-3A, the sequential 

halide exchange and cation doping reactions of LHP NCs reaches steady state within 6.5 min. 

Next, random input perturbation experiments were conducted to assess the sampling precision of 

the multi-stage fluidic micro-processors. Figure 3-3B illustrates the reproducibility of the 

modular fluidic micro-processor for a specified synthetic condition (±0.03) alternating between 

five randomly selected synthesis conditions. Furthermore, the uniformity and stability of the 

three-phase flow before and after in-line cation dopant precursor injection were characterized by 

recording the in-situ PL intensity of LHP NCs after each fluidic micro-processor at 400 nm. 

Figure 3-3C presents the pattern of the PL intensity variation (400 nm) of the three-phase flow 

over 1 s. The bright-field image of the three-phase flow format inside the fluidic micro-processor 

with their corresponding zone in the 400 nm PL plot are shown in Figure 3-3C. The time 

duration for the reactive phase droplet, ȹt, was measured every 30 s for 10 min. Figure 3-3D 

shows the transient variation of ȹt over10 min and illustrates the stability of the three-phase flow 

configuration before and after the in-line precursor injection within 6 min. The Fast-Fourier 

transform (FFT) of the 400 nm PL intensities at steady state, before and after the in-line 

precursor injection point (between micro-processors 1 and 2), are shown in Figure B-3, revealing 

a dominant frequency of 3.0 Hz and 2.6 Hz before and after in-line injection, respectively. This 

result suggests a quasi-harmonic behavior for the droplet formation in the three-phase flow 

format. The results presented in Figure 3-3 demonstrate the sampling precision, flow uniformity, 

and reliability of the developed self-driving fluidic micro-processor for autonomous navigation 

through the multivariate reaction space of cation-doped LHP NCs. 
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Figure 3-3. Characterization and sampling precision of the self-driving fluidic micro-processors. 

(A) Steady-state time measurements for three distinct synthesis conditions. (B) Sampling precision 

and reproducibility of the modular fluidic micro-processors for a specific Mn:CsPb(Cl/Br)3 NC 

reaction condition (condition 1) tested against 5 randomly selected reaction condition (condition 

i:1 to 5). (C) Visualization of the transient PL intensity pattern of the three-phase flow at 400 nm 

corresponding to the reactive and carrier phases. The inset shows a bright-field image of the three-

phase flow (Ar-PFO-reactive phase) obtained with a mixture of Sudan blue in TOL as the 

representation of the reactive phase. (D) The temporal evolution of the travel time of the reactive 

phase (ȹt) obtained from PL intensities recorded at 400 nm in the three-phase flow before and 

after the in-line cation dopant precursor injection. PL integration time: 10 ms. 

 

3.3.2 Autonomous Robo-Fluidic Experimentation 

The search for the optimal synthesis conditions in the high-dimensional chemical space 

of metal cation-doped LHP NCs is a time- and resource-intensive endeavor. Even high-

throughput combinatorial screening platforms require multiple human expert interventions to 

partially navigate around the local optima. In this work, we demonstrate that an AL-guided 

modular fluidic micro-processor can significantly expedite the NC synthesis space exploration 

rate and achieve informed precision synthesis by learning/acquiring new data with continuously 

improved accuracy. 
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We developed and integrated a ML modeling and AI-guided decision-making under 

uncertainty within a Bayesian optimization framework with the multi-stage fluidic micro-

processors to rapidly build an accurate surrogate model (i.e., digital twin) of the sequential halide 

exchange and cation doping reactions. The closed-loop experimental campaigns included (i) 

autonomous experiment selection using uncertainty quantification within a Bayesian framework, 

followed by (ii) automated formulation, two-stage reaction, and data acquisition and analysis, 

followed by ML model training. Building on our prior results, we opted to use an ensemble 

neural network (ENN) for modeling the sequential halide exchange and cation doping reactions 

in the fluidic micro-processors and simulate the multivariate reaction space of Mn:CsPb(Cl/Br)3 

NCs. ENN have shown their efficacy for efficient navigation through such a high dimensional 

reaction space even without access to prior knowledge.51,230 Bayesian active learning was 

utilized both for autonomous learning of the multi-stage LHP NC materials chemistry and 

accelerated formulation optimization for desired NC optical properties with minimum 

experimental cost. A weighted nondimensionalized combination of both system outputs (Ep and 

RA) is defined as the objective function, z(x), which is then used for the autonomous decision-

making (i.e., intelligent experiment selection) based on the goal of the closed-loop campaign: (i) 

AL-guided data collection for surrogate modeling (explorative decision policy), or (ii) on-

demand metal cation doping of LHP NCs (exploitative decision policy).  

To build an accurate surrogate model of the sequential halide exchange and cation doping 

reactions of LHP NCs with 6 independent input and 2 output parameters, we used the maximum 

variance (MV) decision policy to informatively sample the reaction space with the highest 

uncertainty with respect to z(x). The description of the 6 individual nondimensionalized input 

parameters used by the ENN to create and update the surrogate model is presented in Table 3-2. 
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Once a global learning of the complex multi-stage reaction is obtained (AL-guided reaction 

space exploration), an exploitative search using the pure exploitation (EPLT) decision policy can 

be implemented to further improve the accuracy of the digital twin.  

Table 3-2. Descriptions of the independent dimensionless input parameters. 

Dimensionless flow rate Description 

X1 In-flow diluted NCs for P1 

X2 SnCl4 precursor for P2 

X3 
OAm input for halide exchange precursor 

(P2) 

X4 OA input for halide exchange precursor (P2) 

X5 Mn(Ac)2 precursor for P3 

X6 OA input for cation doping precursor (P3) 

 

R-squared (R2) of the ENN-predicted vs. experimentally measured values of Ep and RA 

was used to evaluate the global accuracy of the surrogate model. A model accuracy of 85% for 

both training and testing data sets was used as the threshold criteria to identify the appropriate 

ENN architecture as well as the initial closed-loop MV experimental budget for building the 

most accurate surrogate model of the sequential halide exchange and cation doping reactions of 

LHP NCs. Table B-1 shows the comparison of the surrogate model accuracy, built using 

different MV library sizes (10-60 experimental iterations). As can be seen in Table B-1, 60 MV 

experiments resulted in the highest surrogate model accuracy. Figures 3-4A and 4B show all 60 

EP and RA data points, respectively, obtained using the self-driving fluidic micro-processors 

guided by an MV decision policy. The obtained EP and RA values vary from 404 nm - 418 nm 

and 0 -1.3, respectively. Next, the 60 MV data points were used to determine the most accurate 

ENN architecture. For this purpose, we studied 90 ENN architectures (100 cascade-forward NNs 

for each ensemble) by randomly varying the number of layers and nodes from 2-10, and from 1-

10, respectively. The surrogate model performance of each ENN configuration was tested 5 



   

85 

 

times. Figure B-4 presents the model accuracy plots for the averaged EP and RA training and 

testing data sets over 5 trials of each ENN architecture with respect to training time and total 

number of parameters (NP) (i.e., weights and biases) in the ENN. From the results shown in 

Figure B-4, the most optimal ENN architecture in terms of model accuracy with the lowest 

training time and NP was found to be the configuration with randomized 2-5 layers and 1-10 

nodes per layer. Next, we utilized the optimized ENN architecture to build a surrogate model of 

the sequential halide exchange and cation doping reactions of LHP NCs using the 60 MV data 

points. The optimized surrogate model accuracy plots are shown in Figure 3-4C-4F. The model 

accuracies for all the training and testing data sets shown in Figure 3-4C-4F indicate that the 

developed surrogate model can serve as an accurate digital twin of the self-driving fluidic micro-

processors for the (i) closed-loop Mn:CsPb(Cl/Br)3 NC synthesis and (ii) accelerated 

formulation-synthesis-property relationship mapping used for the fundamental mechanistic 

studies of the sequential halide exchange and cation doping reactions of LHP NCs. 

 
Figure 3-4. Development of the digital twin of the self-driving fluidic micro-processors. The 

experimental data points of (A) EP and (B) RA obtained using the MV-guided closed-loop 

experimentation. Surrogate model accuracy plots using a 70/30-split training and testing sets for 

(C-D) EP and (E-F) RA.  
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3.3.3 On-Demand NC Doping 

The autonomously generated prior knowledge of the material chemistry (i.e., the digital 

twin) can be utilized for the informed precision synthesis of metal cation-doped LHP NCs with 

desired optical or optoelectronic properties in a closed-loop fashion using an exploitation 

decision policy (EPLT). With the self-driving fluidic micro-processor, we autonomously 

conducted five closed-loop LHP NC doping campaigns to assess the reliability of the developed 

system in dealing with the conventional batch-to-batch variation problem of colloidal NCs. 

The EPLT policy along with the surrogate model built using the 60 MV data points was 

used to find the most optimal synthetic route of Mn:CsPb(Cl/Br)3 NCs for five distinct RA values 

(i.e., Mn doping levels) within a budget of 10 exploitative experimental iterations for each 

optimization campaign. Figure 3-5A presents the performance of the self-driving fluidic micro-

processor for the autonomous synthetic route optimization of cation-doped LHP NCs to achieve 

the five targeted RA values. Transmission electron microscopy (TEM) image of the in-flow 

synthesized Mn:CsPb(Cl/Br)3 NCs for each optimization campaign is shown next to its 

corresponding EPLT performance plots. The results shown in Figure 3-5A, illustrate that despite 

the batch-to-batch variations originating from a fresh batch of precursors (different than the 

batch used for the surrogate modeling), the self-driving fluidic micro-processor can identify the 

optimal synthetic route of Mn:CsPb(Cl/Br)3 NCs within 10 experimental trials (90 min). 

Interestingly, the input space region of the sequential halide exchange and cation doping 

reactions to result two of the targeted RA values (1.5 and 1.8) were not explored during the AL-

guided surrogate modeling stage. In fact, the developed ENN surrogate model was not trained on 

any experimental data with an RA value greater than 1.3. However, the unique extrapolative 

characteristic of the ENN modeling, utilized in our self-driving fluidic micro-processors, enabled 
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rapid identification of the NC synthetic routes with targeted Mn doping levels outside the data 

used for model training. Table B-2 summarizes the optimized volumetric flow rates for obtained 

for each closed-loop optimization campaign. The TEM images shown in Figure 3-5A indicate a 

uniform and similar size distribution of the Mn-doped CsPb(Cl/Br)3 NCs (see Figure B-5 for the 

large field of view TEM images of the same NC samples). Moreover, the cubic morphology of 

the pristine CsPbBr3 NCs was preserved after the sequential halide exchange and cation doping 

reactions. Despite the success of the EPLT decision policy in achieving on-demand NC doping 

within the defined experimental budget (10 trials), it should be noted that there might be a pareto 

front for each target metal cation doping level (Mn doping level vs. total PLQY vs. LHP NC 

concentration). Future developments of the presented self-driving fluidic micro-processor in this 

work with incorporation of additional in-situ characterization techniques (absorption 

spectroscopy and total PLQY) in combination with pareto front-specific decision policies, using 

a similar closed-loop autonomous experimentation framework, will be able to rapidly identify 

the pareto front of each target metal cation doping level. 

The PL spectra of the optimized Mn:CsPb(Cl/Br)3 NCs from each closed-loop 

optimization campaign are shown in Figure 3-5B. As can be seen in Figure 3-5B, by increasing 

the Mn doping level (RA), the full width at half maximum (FWHM) and location of the excitonic 

PL peak remained unchanged, while the Mn peak was red-shifted. This observation is in 

agreement with our previous findings indicating the existence of a heterogeneous surface doping 

mechanism on the surface of the LHP NCs.231 In the case of heterogeneous surface doping, the 

size distribution of NCs remains constant, while in homogenous NC doping the overall size of 

Mn-doped NCs shrinks, due to the smaller ionic radius of Mn2+ ions.182 Such phenomenon 

accounts for the preservation of FWHM and location of the excitonic PL peak, while increasing 
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the surface doping level. Figures B-6A and B-6B show the X-band electron paramagnetic 

resonance (EPR) spectra of the pristine CsPbBr3 and Mn:CsPb(Cl/Br)3 NCs. Upon Mn doping, a 

broad EPR peak centered at 3515 G was obtained, which confirmed the successful incorporation 

of Mn2+ ions into the outer surface of the host LHP NCs. Typically, the EPR spectra for Mn-

doped LHP NCs includes a six hyperfine splitting profiles.182,197 However, the presence of such a 

broad EPR peak indicates the strong Mn2+- Mn2+ interactions with reduced neighboring distance 

as a result of high concentration of Mn2+ centers around the outer surface of NCs. The 

relationship between RA and Mn concentration in Mn:CsPb(Cl/Br)3 NCs is shown in Figure B-

6C.232 Moreover, the exciton, Mn, and total PLQYs were measured for all five autonomously 

synthesized Mn:CsPb(Cl/Br)3 NC samples using the self-driving fluidic micro-processor, and are 

summarized in Table B-3. As can be seen in Table B-3, it is clear that by increasing RA, the 

doping level increased as the Mn PLQY increased from 0.7 % to 5.5%. Also, the enhancement of 

the exciton PLQY, while increasing the doping level suggests the surface healing effect of the 

Mn doping process by removing the surface defects of the host NCs, including halide vacancies.  

 
Figure 3-5. EPLT autonomous closed-loop optimization campaigns using the self-driving fluidic 

micro-processor. (A) Representation of best-condition-so far RA values during the EPLT search 

for 5 distinct optimization campaigns using a 10 experimental iteration budget for each campaign. 

The TEM images of the targeted optimal formulations are shown next to each EPLT performance 

plot. (B) PL spectra of the optimal compositions of Mn:CsPb(Cl/Br)3 NCs for each optimization 

campaign.  
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3.3.4 Accelerated Fundamental Studies of LHP NC Doping 

The vast synthesis and processing parameter space of colloidal NCs in combinations with 

the aforementioned challenges of one-at-a-time batch experimentation strategies, complicate the 

fundamental understanding of the bandgap tuning and doping mechanism of LHP NCs. 

Understanding the underlying halide exchange and cation doping reaction mechanisms can 

facilitate the design and precision synthesis of next-generation LHP NCs for solution-processed 

energy and chemical technologies. In this section, we demonstrate the power of the ML-guided 

surrogate modeling of the complex two-stage reactions of LHP NCs to unravel the fundamental 

mechanisms governing the halide exchange and cation doping reactions of LHP NCs. The digital 

twin of the self-driving fluidic micro-processors constructure by ML-guided autonomous 

experimentation can facilitate the navigation throughout the reaction space of metal cation-doped 

LHP NCs.  

In the first step, relying on the accuracy and predictive knowledge of the developed 

surrogate model, we used Shapley value (SHAP) analysis technique to investigate the relative 

importance of each independent input parameter of the sequential halide exchange and cation 

doping reactions with respect to the other input parameters in tuning the excitonic PL peak 

wavelength and cation doping of LHP NCs (Figures 3-6A and 3-6B). In the Shapley plots, 

shown in Figures 3-6A and 3-6B, all independent input parameters, known as the plot features, 

are ranked from the most effective one at top to the least important at the bottom. For each 

individual feature (i.e., independent input parameter), there is a row of dots, and each one 

represents a single experiment with a feature value recognized by a color bar.  As the dots move 

away from the vertical line towards the positive SHAP values, the associated input parameter 

leads to enhancement of the output value (Ep or RA), and vice versa. For instance, Figure 3-6A 



   

90 

 

presents the SHAP values for EP and implies that the concentrations of SnCl4 (X2), NCs (X1), and 

OA (X4) have the highest impact on tuning the extent of EP in this system. Based on this analysis, 

high concentration of SnCl4 results in decrease of EP which is due to the completion of the halide 

exchange reaction (micro-processor 1) and moving towards the formation of chloride-rich LHP 

NCs with lower peak emission wavelengths. Also, increasing the concentration of the starting 

pristine CsPbBr3 NCs (X1) can increase EP, as the halide salt precursors are not available enough 

to complete the halide exchange reactions. Additionally, as shown in Figure 3-6A, increasing the 

OA concentration results in an increase of EP values as extra oleate ions in the reaction 

environment avoids chloride exchange reactions to happen due to the removal of the OAm-Cl 

ligand shell from the surface of the NCs.111,232 Similarly, SHAP analysis of RA values shown in 

Figure 3-6B reveals that concentrations of SnCl4, OA-TOL, and Mn(Ac)2 are the most important 

input parameters affecting the extent of RA. Further information regarding the effect of each of 

the identified key parameters on RA values is provided in Appendix B (B.6).  

Next, in order to investigate the synergistic impact of the key input parameters on the 

system outputs and unveil the underlying aspects of the sequential halide exchange and cation 

doping mechanism in more details, the top three ranked input parameters by the Shapley analysis 

were selected to investigate their collective effect on the resulting EP and RA values of LHP NCs 

using the developed digital twin of the self-driving fluidic micro-processors. Figures 3-6C-H 

present surface plots obtained from the digital twin, revealing the impact of each two selected 

input parameters (two out of the top three-ranked SHAP features) at three separate levels of the 

third parameter (the third feature out of the top three-ranked SHAP features not selected as X or 

Y axis) on both EP and RA, while considering a constant value for the rest of the input 

parameters. Figure 3-6C presents the effect of the concentration of SnCl4 and OA on RA at three 
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different concentrations of Mn(Ac)2. Similar to the outcome of RA Shapley plot, it is clear that 

regardless of the concentration of OA, increasing the concentration of SnCl4 enhances the metal 

cation doping of CsPb(Cl/Br)3 NCs. Moreover, at low concentrations of SnCl4, it is expected to 

obtain low metal cation doping levels, and the concentration of OA does not appear to have a 

significant impact on the extent of RA. However, at high concentrations of SnCl4, the 

accumulation of OA results in lowering the metal cation doping due to the aforementioned ligand 

detachment issues on the surface of the LHP NCs. In addition, increasing the concentration of 

Mn(Ac)2 results in higher cation doping of CsPb(Cl/Br)3 NCs, due to the higher availability of 

cation dopants in the reaction mixture. The surface plots presented in Figure 3-6D reveal that at 

low concentrations of OA in the reaction mixture, increasing the concentration of Mn(Ac)2 

results in enhancement of cation doping levels in CsPb(Cl/Br)3 NCs. However, in the presence of 

high concentrations of OA, increasing the concentration of Mn(Ac)2 beyond an optimal value has 

a diminishing effect of the cation doping level of CsPb(Cl/Br)3 NCs. This behavior may be 

attributed to the diffusional limitations induced by excess Mn2+ and oleate ions for conducting 

the surface doping reactions. Moreover, the reaction mechanisms inferred from Figures 6C and 

6D further validate the accuracy of the feature importance analysis of SHAP values (Figures 6A 

and 6B). The surface plots presented in Figure 3-6E reveal that at low concentrations of SnCl4, 

increasing the concentration of Mn(Ac)2 decreases the cation doping level. This result can be 

explained by the existence of extra oleate ions in the dopant precursor which can remove the 

ligand shell around the NCs and hinder the sequential cation doping process. Furthermore, at 

high concentrations of SnCl4, increasing the concentration of Mn(Ac)2 does not enhance the 

metal cation doping level, which confirms the completion of the metal cation doping reaction as 

all of the available NC surface sites are filled with the dopants. Moreover, the results shown in 
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Figure 3-6E suggest that increasing the concentrations of SnCl4 results in enhancing the metal 

cation doping level. This observation can be explained by the fact that increasing the 

concentration of chloride sites in the NCs can increase the possibility of cationic exchange 

reaction between the activated MnCl2-OAm complexes and the PbCl2-OAm unit cells, located at 

the outer surface of NCs.166,231  

Figures 3-6F-H reveal the synergistic effects of the concentration of SnCl4, pristine NCs, 

and OA on the excitonic PL peak wavelength. The analyses of the presented surface plots 

(Figures 3-6F-H) further confirm the mechanistic analyses obtained from the SHAP values of EP 

values, shown in Figure 3-6A. Briefly, increasing the concentration of SnCl4 provides the driving 

force for moving towards the completion of chloride exchange reaction in micro-processor 1 and 

we expect to see a blue-shift in the excitonic PL peak wavelength. However, higher initial 

concentration of the pristine CsPbBr3 NCs at a constant SnCl4 concentration will only achieve a 

partial chloride exchange reaction in micro-processor 1, i.e., higher EP values. Moreover, the 

existence of excess oleate ions is detrimental for the sequential cation doping reaction, as they 

impede the completion of the halide exchange reaction. 
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Figure 3-6. Accelerated fundamental studies of sequential halide exchange and cation doping 

reactions of LHP NCs using the digital twin of the fluidic micro-processors. Shapley additive 

explanation plots of (A) EP and (B) RA. (C, D, and E) Surface plots showing the synergistic impact 

of the three most important input parameters on RA. (F, G, and H) Surface plots showing the 

synergistic impact of the three most important input parameters on EP. 

 

Considering the results of our accelerated mechanistic studies using the digital twin of the 

fluidic micro-processors, in combination with the off-line characterizations of the in-flow 

synthesized Mn:CsPb(Cl/Br)3 NCs, we propose a heterogeneous surface doping mechanism for 

the developed sequential halide exchange and cation doping reactions. CsPbBr3 NCs have a 

ligand shell consisted of x-type OAm-Br and OAm-OA complexes bound to the surface of NCs 

besides oleate ions attached to Cs or Pb by occupying the halide sites.22,111 Purification of the 

CsPbBr3 NCs with methyl acetate can remove major portion of oleate ions from the ligand 

shell,232 resulting in formation of numerous Pb2+ and Cs+ vacancies on the surface of NCs. Also, 

further dilution of the washed NCs can result in breakage of the OAm-Br bindings, and thus the 

formation of additional surface defects. Thus, the surface defects of the starting CsPbBr3 NCs 

include detached ligands and localized trap states due to the formation of truncated octahedra and 

Br- vacancies. In the first stage, the halide exchange reactions are conducted in micro-processor 1 
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with the SnCl4-OAm-OA complexes. As a result, excess free Cl- and OAm+ ions are introduced 

around the NCs. Next, Cl- ions can fill the bromide vacancies or halide exchange reaction can 

happen between Cl-OAm and Br-OAm unit cells. Then, oleate ions can attach to Cs and/or 

occupy halide sites by attaching to Pb2+ in the truncated octahedral at the surface of NCs. If the 

concentration of OA (oleate ions) increases, the OAm-Cl or OAm-Br ligand shell is removed by 

detaching OAm+ ions bound to the surface of NCs, resulting in deterioration of the NCs.111 Also, 

it is likely that the oleate ions occupy the halide sites that can be used for later cation doping 

reactions. In the second stage of the sequential halide exchange and cation doping reactions in 

flow, Mn2+ ions are activated with OA as the metal cation dopant precursor, and the 

heterogeneous surface doping can take place through two possible pathways: First, the activated 

Mn-OA units are exchanged with Pb-OA units at the surface of NCs; Second, depending on the 

composition of the halide exchange and dopant precursors, high concentrations of Mn2+ and Cl- 

ions in the reaction mixture can result in the formation of the MnCl2-OAm unit cells and their 

further replacement with the PbCl2-OAm unit cells at the outer surface of NCs.166,231 Once all the 

surface Pb2+ ions are exchanged with Mn2+ ions, the reaction reaches to its completion. 

3.4 Conclusion 

In summary, we developed an autonomous robo-fluidic experimentation strategy for 

accelerated fundamental studies and closed-loop synthetic route discovery of colloidal NCs with 

multi-stage chemistries. Specifically, we utilized the developed self-driving fluidic micro-

processors for the accelerated formulation optimization and mechanistic studies of the metal 

cation-doped LHP NCs. A closed-loop active learning strategy within a Bayesian framework was 

utilized to rapidly build a digital twin of the self-driving fluidic micro-processors using 60 

autonomously conducted experiments. The architecture of the ENN modeling strategy was tuned 
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by optimizing for the surrogate model accuracy. The developed surrogate model was then 

utilized for both on-demand synthesis and fundamental mechanistic investigations of the 

sequential halide exchange and cation doping reactions of LHP NCs. Next, utilizing the materials 

chemistry knowledge of the surrogate model, we conducted five closed-loop optimization 

campaigns of Mn-doped CsPb(Cl/Br)3 NCs with different target doping levels. The unique 

attributes of the developed self-driving fluidic micro-processors include (i) rapid navigation 

through the complex multivariate reaction space of halide exchange and cation doping reactions 

within less than 90 min per target metal cation doping level, (ii) reliable system response when 

dealing with the batch-to-batch precursor variations, and (iii) extrapolative search through the 

unexplored regions of the reaction space. The accelerated mechanistic studies of the sequential 

halide exchange and cation doping reactions of LHP NCs using the developed digital twin 

unveiled a heterogeneous surface doping mechanism of NCs. Further development of the 

autonomous robo-fluidic experimentation strategy detailed in this study can result in a modular 

smart nanomanufacturing strategy for accelerated development and manufacturing of novel 

impurity-doped NCs with applications for the next-generation energy technologies. 

3.5 Experimental Methods 

3.5.1 Materials  

1-octadecene (ODE, 90%) was purchased from ACROS Organics. Oleic acid (OA, 90%) 

and lead bromide (PbBr2, 99.9%) were purchased from Alfa Aesar. Oleylamine (OAm, 70%), 

cesium carbonate (Cs2CO3, 99.9%), tin (IV) chloride (SnCl4, 99.9%), manganese acetate 

(Mn(Ac)2, 98%), ethyl acetate (EA, 99.8%) and methyl acetate (MA, 99%) were purchased from 

Sigma Aldrich. Toluene (TOL, certified ACS) was purchase from Fisher Scientific. Argon (Ar) 

and nitrogen (N2) tanks were purchased from Airgas. High-performance heat transfer 
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perfluorinated oil (PFO) (Galden HT 200) was purchased from Solvay. All chemicals were used 

without further purifications. 

3.5.2 Synthesis of CsPbBr3 NCs 

 The pristine CsPbBr3 NCs were synthesized using the hot-injection method reported by 

Protesescu et al. with minor modifications.1 The Cs-oleate precursor was prepared through 

loading 101.7 mg Cs2CO3, 5 ml ODE, and 312.5 µL OA into a 20 ml septa vial. The mixture was 

kept under vacuum and heated at 120oC for 30 min, and then heated under N2 to 150oC to 

completely dissolve Cs2CO3. The Cs-oleate precursor was preheated to 150oC before final 

injection into the PbBr2 precursor. The PbBr2 precursor was prepared by loading 138 mg of 

PbBr2, 10 mL of ODE, 1 mL OAm, and 1 mL OA into a 100 mL three-neck flask and dried at 

120oC for 30 min and heated under N2 to 170oC. Next, 1.6 mL of the pre-heated Cs-oleate 

precursor was injected into the PbBr2 precursor, and after 5 s the flask was immersed into an ice 

bath. The crude mixture of the CsPbBr3 NCs was then washed using MA as the anti-solvent. MA 

was added to the crude mixture with a 1:1 volumetric ratio. The mixture was then centrifuged at 

8000 rpm for 5 min to precipitate the CsPbBr3 NCs. The precipitated CsPbBr3 NCs were 

redispersed in toluene and the solution was centrifuged again at 8500 rpm for 5 min to remove 

large NCs.233 The supernatant was further diluted to adjust the initial concentration of the washed 

CsPbBr3 NCs to 4 mM, using the molar extinction coefficient reported in the literature.111 

3.5.3 Preparation of halide exchange precursor 

A 0.06 M SnCl4 was prepared by adding 385.5 µL of SnCl4, into 50 mL TOL, 2.5 ml 

OAm, and 2.5 ml OA under N2. The SnCl4 precursor was further diluted in flow through mixing 

with the streams of pure TOL, OAm-TOL (1:2), and OA-TOL (1:2). 
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3.5.4 Preparation of cation doping precursor 

A 0.12 M Mn(Ac)2 precursor was prepared by dissolving 1245.8 mg Mn(Ac)2 powder, 

into 50 mL ODE and 10 mL OA. The metal cation dopant precursor was heated under N2 at 

150oC for 2 h. A mixture of OA-ODE (1:2) was used to further dilute the dopant precursor in 

flow.  

3.5.5 Modular Fluidic Micro -Processor  

The modular flow synthesis platform was constructed using three main modules: (i) 

precursor delivery, (ii) reaction, and (iii) spectral monitoring modules. The process flow diagram 

is shown in Figure B-7. The precursor delivery module included 9 automated syringe pumps (7 

Chemyx Fusion 6000 and 2 Chemyx Fusion 4000) loaded with gas-tight stainless steel syringes 

(nine 50 mL, Chemyx) and one automated mass flow controller (MFC, Bronkhorst, EL-Flow 

Select) for the controlled injection of liquid precursors and Ar into the fluidic micro-processor. 

All the syringes and MFC were connected to the fluidic junctions by fluorinated ethylene 

propylene (FEP) tubing (500 ɛm inner diameter, ID, 1.59 mm outer diameter, OD, 90 cm long). 

Both fluidic micro-processors were constructed using 750 ɛm ID FEP tubing. The CsPbBr3, 

SnCl4, PFO, and Ar streams were directed to a custom-designed five-port segmentation module 

to form a three-phase flow in the first fluidic micro-processor. The pristine NC stream was 

formed by mixing a concentrated CsPbBr3 NCs solution (4 mM) with pure toluene in a T-

junction before entering the segmentation module. The SnCl4 stream was formed by in-flow 

mixing the SnCl4 precursors in a four-way cross-junction (IDEX Health & Sciences) with OAm-

TOL (1:2), OA-TOL (1:2), and pure TOL streams. Two in-line braided tubing were used to 

ensure uniform mixing of the CsPbBr3 and SnCl4 streams before entering the segmentation 

module. The Mn(Ac)2 stream was formed by in-flow mixing of the Mn(Ac)2 precursor with the 
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OA-ODE (1:2) and pure ODE streams. The in-line injection of the metal cation doping precursor 

into the reactive phase droplet exiting micro-processor 1, before entering micro-processor 2, was 

accomplished through a T-junction. The total flow rates of the precursors in micro-processor 1, 

micro-processor 2, PFO, and Ar were set at 400 ɛl.min-1, 250 ɛl.min-1, 50 ɛl.min-1, and 500 

ɛl.min-1, respectively. The spectral monitoring module consisted of two custom-machined flow 

cells, located at the end of each fluidic micro-processor for in-situ PL spectroscopy of the in-flow 

doped LHP NCs. Each flow cell was connected to a fiber-coupled UV LED (365 nm, Thorlabs, 

M365LP1) as the only excitation light source, and a fiber-coupled spectrometer (Ocean Insight, 

Ocean HDX Miniature Spectrometer) in a 90o configuration. The in-situ PL spectra were 

acquired using an integration time of 20 ms. To reduce the signal-to-noise ratio for the PL 

spectroscopy after cation doping reaction, the outlet of micro-processor 2 was connected to an 

adapter (IDEX union) to increase the FEP tubing ID to 1.59 mm (3.18 mm OD). The droplet 

formation stability and uniformity within the three-phase flow configuration in both 

microreactors were studied using the methodology reported in our previous work.187 The travel 

time of each phase passing through the flow cell was measured by monitoring the PL intensity at 

400 nm in each flow cell.  

3.5.6 Neural Network Modeling and Intelligent Experiment-Selection Algorithm  

Experiment selection was conducted using an optimized algorithm similar to our prior 

work.51 An ensemble of 100 cascade forward neural networks with randomized structure (2 to 5 

layers and 1 to 10 nodes per layer) were used to model the 6-parameter input and 2-parameter 

output space. The output parameters included the peak emission wavelength (Ep) and the 

Mn:exciton emission peak area ratio (RA). Output parameters were converted to a scalar value 

using an objective function, (z(x), Equation 3-1): 
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ᾀὼ πȢρ πȢω                                                                          Equation 3-1 

Where, Ὁ  and Ὑ  are the measured peak emission wavelength and area ratio, 

respectively, and Ὁ  and Ὑ  are the targeted peak emission wavelength and area ratio, 

respectively. The weights 0.1 and 0.9 were assigned based on the relative importance of Ep and 

RA during the optimization process, respectively. For each autonomous metal cation doping 

campaign, the MV policy used to design a set number of experiments to achieve a global 

understanding of the system. Following the active learning stage, an EPLT policy was applied 

for 10 consecutive experimentsðusing the Bayesian beliefs trained on the data obtained during 

the active learning stageðto reach a target Mn doping level. Exploitation runs were used to 

refine the model near the target, but they were not used to train models in subsequent closed-loop 

optimization campaigns. The ENN model was trained on the in-situ measured Ep and RA values, 

and the model predictions were created relying on the minimization of z(x). 

3.5.7 Dimensionless Input Parameters  

Given the total flow rates for each fluidic stream, six dimensionless input parameters 

were used to limit the volumetric flow rate values between 0 to 1. Using the ENN model, the 

dimensionless parameters were used as the independent input parameter for the construction of 

the belief model (i.e., sequential halide exchange and cation doping reactions) and choosing the 

next set of input parameters during the autonomous exploitation runs for each optimization 

campaign. 

ὢ                                                                                                                   Equation 3-2 

ὢ                                                                                                               Equation 3-3 

ὢ                                                                                                          Equation 3-4 
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ὢ                                                                                                            Equation 3-5 

ὗ τππὗ ὗ ὗ ὗ                                                Equation 3-6 

ὢ                                                                                                            Equation 3-7 

ὢ                                                                                                            Equation 3-8 

ὗ ςυπ ὗ ὗ                                                                           Equation 3-9 

3.5.8 Real-Time Data Processing  

The PL spectra of the in-flow Mn-doped LHP NCs were extracted from the multi-phase 

system using a procedure outlined in our prior work.[40] In short, 500 consecutive spectra were 

taken for each experiment. The spectra were sorted by maximum peak intensity at the peak 

emission wavelength, and a trimmed mean of the 20 highest values was used for the final 

spectra. Because the reactive phase was encapsulated by the carrier fluid, this process ensured 

that the center of the droplet was used for correct PL spectra extraction. The values of RA were 

calculated using trapezoidal rule integration across the relevant wavelength ranges (395 nm to 

540 nm and 540 nm to 800 nm). For the final representation of the in-situ obtained PL spectra, a 

second-order Gaussian fitting was applied to the averaged spectra, similar to the method in our 

previous study.[53] 

3.5.9 Flow cell Validation 

The in-situ obtained PL spectra of metal halide perovskite NCs using the custom-

designed flow cell was validated using a bench-top PL spectrometer (Edinburgh FS5). Figure B-

1 illustrates the accuracy of the in-situ obtained PL spectra for both pristine and Mn-doped LHP 

NCs against the benchtop spectrometer. 
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3.5.10 Purification of Mn -doped CsPb(Cl/Br)3 NCs  

The collected Mn-doped LHP NCs were washed with EA as the anti-solvent with a 2:1 

EA:NCs volumetric ratio. For instance, 6 ml Mn-doped LHP NCs with 3 ml EA were mixed and 

then centrifuged at 7000 rpm for 10 min and the resulting precipitates were dispersed in 2 ml 

hexane. The clear solution was centrifuged again at 4500 rpm for 5 min to remove large NCs and 

unreacted Mn2+ ions. The supernatant was kept for off-line characterizations.    

3.5.11 Offline Characterization 

The washed CsPbBr3 NCs and Mn-doped CsPb(Cl/Br)3 NCs were characterized using 

TEM and EPR spectroscopy. To study the morphology of the pristine and doped LHP NCs, TEM 

imaging was performed using an FEI Talos F200 operated at the acceleration voltage of 200 kV. 

The washed NC samples were drop-casted on TEM grids (200 mesh with carbon coating). The 

EPR spectroscopy was conducted using a Bruker ELEXSYS E500 X-Band CW Spectrometer. 
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CHAPTER 4: SMART DOPE: Smart Dope: Self-Driving  Fluidic Lab for 

Accelerated Development of Doped Perovskite Quantum Dots  

Fazel Bateni, Sina Sadeghi, Negin Orouji, Jeffrey A. Bennett, Venkat S. Punati, Christine Stark, 

Junyu Wang, Michael C. Rosko,Ou Chen, Felix N. Castellano, Krsitofer G. Reyes, Milad 

Abolhasani. (Under Review) 

 

4.1 Abstract 

Metal cation-doped lead halide perovskite (LHP) quantum dots (QDs) with 

photoluminescence quantum yields (PLQYs) higher than unity, due to quantum cutting 

phonemona, are an important building block of the next-generation renewable energy 

technologies. However, synthetic route exploration and development of the highest-performing 

QDs for device applications remain challenging. In this work, we present Smart Dope, which is a 

self-driving fluidic lab (SDFL), for the accelerated synthesis space exploration and autonomous 

optimization of LHP QDs. Specifically, we focus on multi-cation doping of CsPbCl3 QDs using 

a one-pot high-temperature synthesis chemistry. Smart Dope continuously synthesizes multi-

cation-doped CsPbCl3 QDs using a high-pressure gas-liquid segmented flow format to enable 

continuous experimentation with minimal experimental noise at reaction temperatures up to 

255°C. Smart Dope offers multiple functionalities, including accelerated mechanistic studies 

through digital twin QD synthesis modeling, closed-loop autonomous optimization for 

accelerated QD synthetic route discovery, and on-demand continuous manufacturing of high-

performing QDs. Through these developments, Smart Dope autonomously identifies the optimal 

synthetic route of Mn-Yb co-doped CsPbCl3 QDs with a PLQY of 158%, which is the highest 

reported value for this class of QDs to date. Smart Dope illustrates the power of SDFLs in 

accelerating the discovery and development of emerging advanced energy materials. 
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4.2 Introduction 

Colloidal inorganic lead halide perovskite (LHP) quantum dots (QDs) represent a class of 

highly advanced functional materials renowned for their facile solution processing and 

multifaceted applications in a broad spectrum of photonic and energy devices.1,199,200,233 These 

ionic QDs exhibit exceptional optoelectronic properties, prominently characterized by their high 

photoluminescence quantum yield (PLQY), narrow emission linewidth, and the ability to tune 

their emission color through size and compositional modifications.183,232 Consequently, they 

serve as versatile building blocks for an extensive array of optoelectronic applications, including 

light emitting diodes (LEDs),124,234 lasers,159 photodetectors,160 and luminescent solar 

concentrators (LSCs).169,235 

Impurity metal cation doping has emerged as a promising strategy for enhancing and 

tailoring the application-specific properties of LHP QDs with high precision and versatility.231,236 

Transition metal and lanthanide ions, such as manganese (Mn2+) and ytterbium (Yb3+), when 

incorporated into LHP QDs as metal cation dopants, not only introduce additional emission 

windows induced by the internal Mn d-d and Yb f-f states within the visible and near-infrared 

(NIR) regions, but also introduce novel magnetic and down-conversion properties to the host 

LHP QDs.170,194,237ï243 This unique and tunable integration of impurity metal cations significantly 

enhances light harvesting and up-conversion capabilities of LHP QDs, leading to their improved 

performance in energy devices, particularly downconverters, and LSCs.169,237 

The incorporation of multiple impurity metal cation dopants into the expansive synthesis 

reaction space of LHP QDs introduces a significantly larger explorative experimental space 

arising from the diverse range of metal cations, dopant concentrations, and doping ratios that can 

be employed in addition to the synthetic reaction space of pristine LHP QDs.185,244ï246 The 
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multifaceted role of synthesis parameters on the optical properties of the resulting QDs makes 

comprehensive exploration of the multicomponent QDs even more challenging. Consequently, 

the exploration, development, synthetic route discovery, and optimization of multi-cation-doped 

LHP QDs with conventional batch-based trial-and-error methods are time-consuming and labor-

intensive and lead to substantial materials consumption (cost) and waste generation.215,247,248 

Clearly, conventional one-at-a-time manual experimentation methods are inadequate to reach the 

required development pace of LHP QDs. Thus, there is a significant need for an alternative 

materials development platform.  

The recent emergence of machine learning (ML)-assisted closed-loop experimentation 

approaches, known as self-driving labs (SDLs), offer a promising solution to expedite the pace of 

materials discovery, development, and optimization.51,187,208,249ï251 These autonomous 

experimentation platforms leverage process automation and advanced ML algorithms to 

automate the experimental workflow iteration of hypothesis formulation, experimental planning 

and selection, execution of the selected experiments, and analysis of the experimental results. 

SDLs pave the way for accelerated materials research and development by facilitating high-

throughput and data-driven exploration of the chemical space.252ï255 Over the past three years, 

proof-of-concept SDLs utilizing batch reactors have been demonstrated for rapid exploration and 

synthesis of advanced functional materials, including metallic and semiconductor nanoparticles 

and thin-film materials.210,256ï259 

The majority of existing SDLs for materials development have relied mainly on batch-

based experimentation techniques. However, batch reactors inherently suffer from several 

limitations, including the discontinued nature of experimentation, irreproducible heat and mass 

transfer rates, and limited accessibility for in-situ characterization techniques, resulting in 
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materials-, cost-, and time-intensive procedures within an SDL.45,244,245  These issues are even 

more manifested in the synthesis of multi-cation-doped LHP QDs due to their fast nanocrystal 

formation kinetics and the inefficient mixing environment in conventional batch reactors. A key 

requirement of SDLs to accelerate the pace of materials discovery, development, and 

optimization is access to high-quality experimental data with minimum experimental noise.208,251 

These high-fidelity experimental data serve as the foundational pillars for data science tools of 

SDLs employed for automated modeling and subsequent experiment-selection tasks within the 

autonomous experimentation approach. However, the time-consuming nature of manual or even 

automated sampling from batch reactors presents a significant bottleneck in providing the 

necessary large volume of high-quality experimental data to ML algorithms embedded in SDLs, 

impeding their ability to navigate accurately and efficiently within the vast chemical space of 

colloidal QDs.183,184 

Alternatively, microscale flow chemistry strategies offer a more favorable technological 

solution for accelerated materials development with SDLs.51,187,244,249 Additionally, flow 

chemistry platforms enable facile integration of multimodal in-situ and/or online material 

characterization probes, efficient process automation, and reliable and accurate reaction 

control.185,208,248 These unique advantages, directly related to the quality and quantity of 

experimental data required for the ML algorithms of SDLs, make flow reactors an ideal tool for 

accelerated materials development. Therefore, navigating the autonomous experimentation 

technologies towards self-driving fluidic labs (SDFLs) represents an ideal path for the fast-

tracked discovery, development, and optimization of multi-cation doped LHP QDs.250,251 

This study presents Smart Dope, which is an SDFL for the accelerated development of 

multi-cation-doped LHP QDs. Specifically, we focus on synthesizing and optimizing Mn-Yb co-
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doped LHP QDs using a one-pot heat-up synthesis technique. Smart Dope leverages a modular 

flow chemistry platform as its core hardware and an ensemble neural network (ENN) as its ML 

tool for input (synthesis parameters)-output (PLQY) mapping of multi-cation-doped LHP QDs. 

Additionally, Smart Dope is equipped with Bayesian optimization for autonomous synthetic 

route optimization of colloidal QDs. Smart Dope rapidly investigates the complex synthesis 

space of Mn-Yb co-doped CsPbCl3 QDs and autonomously unveils the optimal synthetic route 

resulting in the highest PLQY reported to date (158%). First, Smart Dope automatically screens 

the experimental synthesis space of QDs via Latin hypercube sampling (LHS). The LHS 

provides in-house generated experimental data for building a ML model (digital twin) of the 

multi-cation doping chemistry that is subsequently used for both mechanistic and fundamental 

studies of the multi-cation-doped LHP QDs. Next, Smart Dope utilizes its automatically 

generated multi-cation doping chemistry knowledge to autonomously optimize the total PLQY 

of multi-cation-doped LHP QDs iteratively via Bayesian optimization. Smart Dope demonstrates 

a rapid and intelligent exploration of a vast experimentally accessible parameter space of multi-

cation-doped LHP QDs, exceeding over 1.9×1013 potential synthetic conditions (Appendix C (C-

2)). Figure 4-1 provides an overview of the unique attributes of Smart Dope compared to 

traditional manual approaches in materials development, often reliant on expert scientists in 

conventional chemical and materials science laboratories. The autonomous search through the 

multivariate experimental space of advanced functional materials using the developed SDFL not 

only saves significant time, precursor resources, and labor but also yields high-performance 

multi-cation-doped LHP QDs that serve as exceptional building blocks for the fabrication of 

printed photonic devices employed in light-harvesting applications. 
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Figure 4-1. Comparison of the developed SDFL technology (Smart Dope) vs. manual 

experimentation approaches for accelerated development and optimization of multi-cation-doped 

LHP QDs. The presented SDFL outperforms the traditional manual approaches, leading to 

enhanced accuracy and reduced time and materials losses in the discovery, development, and 

continuous manufacturing of the emerging advanced energy materials. 

 

4.3 Results and Discussion 

4.3.1 Smart Dopeôs hardware 

Smart Dopeôs hardware, illustrated in Figure 4-2, is built on a flow chemistry platform 

comprising four key modules: fluid delivery, formulation and reaction, in-situ characterization, 

and pressure control. In the fluid delivery module, eight syringe pumps equipped with gas-tight 

stainless steel syringes were utilized to guide the liquid precursors at specific volumetric flow 

rates through a 9-way fluidic manifold. A two-phase gas-liquid segmented flow was generated 

within the formulation and reaction module by combining the mixed QD precursors stream as the 

reactive phase and argon (Ar) gas as the inert carrier phase at a T-junction. Additional details of 
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the experimental setup and precursor concentrations can be found in Experimental Methods. The 

formed gas-liquid segmented flow was directed into a stainless steel flow reactor, maintained at 

temperatures ranging from 160°C to 255°C. The main reaction followed a one-pot heat-up 

synthetic approach, with the residence time (tR) in the flow reactor varying between 15 s to 42 s, 

depending on the total liquid and gas flow rates. Smart Dope could explore 250 different 

experimental conditions with a single batch of the QD precursors. The automated synthesis of 

multi-cation-doped LHP QDs was achieved by controlling nine independent input parameters, 

including reaction temperature and volumetric flow rates of the eight liquid precursors (cesium 

acetate: [Cs], lead acetate: [Pb], chlorotrimethylsilane: [Cl], manganese acetate: [Mn], ytterbium 

acetate: [Yb], oleic acid: [OA], oleylamine: [OAm], 1-octadecene: [ODE]). To ensure consistent 

slug formation at different reaction temperatures and residence (synthesis) times in the flow 

reactor, the volumetric flow rate of the inert carrier gas was automatically adjusted based on the 

total liquid volumetric flow rates and a constant gas-to-liquid volumetric ratio. Following the in-

flow synthesis at high temperatures, the reactive liquid slugs containing Mn-Yb co-doped 

CsPbCl3 QDs were rapidly cooled to room temperature before entering the in-situ 

characterization module, where their UV-Vis-NIR absorption and photoluminescence (PL) 

spectra were recorded automatically. Finally, the reactor's outlet was connected to a back-

pressure regulator (BPR) operating at 95 psig using nitrogen (N2) gas to minimize the expansion 

of the carrier gas phase at high reaction temperatures and ensure uniform liquid slug formation 

throughout the in-flow synthesis and online characterization processes. Figure C-1 shows the 

assembly of Smart Dope's modular flow chemistry hardware for autonomous high-temperature 

synthesis of Mn-Yb co-doped LHP QDs.  
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Next, we will discuss the development of a robust and reproducible hardware system for 

Smart Dope, which is a foundational piece to achieve closed-loop autonomous experimentation. 

We will then present integration of the Smart Dope's hardware with Bayesian optimization, 

leading to the creation of a SDFL capable of autonomous synthetic route discovery, 

optimization, and continuous manufacturing of multi-cation-doped LHP QDs. 

Figure 4-2. Schematic illustration of Smart Dopeôs modular hardware, including the fluid delivery, 

X2-X9, formulation and reaction, in-situ characterization, temperature controller, X1, and pressure 

control modules. 

 

Impurity metal cation doping of LHP QDs with lanthanide ions results in the emergence 

of an additional emission peak in the NIR region of the PL spectrum. This new emission peak 

arises from incorporating f-f states within the bandgap (BG) of LHP QDs, particularly when 
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lanthanide dopants such as Yb3+ ions are utilized. Developing a reliable in-situ spectral 

characterization method capable of accurately capturing PL spectra of lanthanide-doped LHP 

QDs becomes imperative for autonomous experimentation. Specifically, it is crucial to develop 

an in-situ QD characterization technique that closely matches the accuracy of more powerful 

benchtop spectrometers. In this regard, we have devised a spectral benchmarking approach to 

align and correct the in-situ measured PL spectra of the multi-cation-doped LHP QDs vs. offline 

measurements. Detailed information regarding the in-situ spectral validation can be found in 

Appendix C (C-4).  

The primary objective of this study is to identify the most optimal Mn-Yb co-doped LHP 

QDs with enhanced optical properties, particularly focusing on achieving the highest PLQY. To 

achieve this objective, leveraging the benchmarked in-situ UV-Vis-NIR absorption and PL 

spectroscopy module, we developed an in-situ PLQY measurement strategy and validated it 

against offline absolute PLQY measurements for the same multi-cation-doped LHP QDs. This 

in-situ relative PLQY measurement technique enabled real-time calculation of individual PLQY 

values corresponding to the BG, Mn, and Yb emissions. Further details regarding the relative 

PLQY calculations can be found in Appendix C (C-5). 

Developing robust process automation is crucial to building a fully closed-loop 

autonomous experimentation framework as the foundation of Smart Dope. This process 

automation workflow should encompass experimental execution, data acquisition, and data 

analysis. The process automation workflow of Smart Dope was developed to maintain 24/7 

control over the operation of the modular flow chemistry setup. The custom-developed process 

automation of Smart Dope (LabVIEW, see Appendix C, C-6) was coupled with a Python script 

for automatic parsing of experimental conditions, process operation, data recording, and data 
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analysis to obtain real-time spectral information of the in-flow synthesized Mn-Yb co-doped 

CsPbCl3 QDs. The process automation of Smart Dope included starting the flow of QD 

precursors into the reactor once the system reached a steady-state temperature. Additionally, 

Smart Dope was equipped with the automatic acquisition of UV-Vis-NIR absorption and PL 

spectra after the equilibrium waiting time (tE), which guarantees data recording occurs when the 

flow reactor's Mn-Yb co-doped LHP QDs synthesis reaction has reached steady-state. 

Furthermore, Smart Dopeôs operation workflow incorporated an automated intermittent flow 

reactor washing protocol to ensure consistent and reproducible reactor performance, enabling 

uniform and high-quality continuous manufacturing of multi-cation-doped LHP QDs over long-

term operation while preventing nanocrystal precipitation and reactor fouling.  

Next, Smart Dope was utilized to synthesize two samples of pristine CsPbCl3 QDs and 

Mn-Yb co-doped CsPbCl3 QDs for ex-situ structural characterizations to verify the successful 

one-pot colloidal synthesis of multi-cation-doped LHP QDs (Figure C-5). The transmission 

electron microscopy (TEM) images, along with their corresponding histograms depicted in 

Figures C-5A and C-5B, demonstrate a uniform cubic morphology for both the pristine and Mn-

Yb co-doped CsPbCl3 QDs with an average edge length of 9.79±1.53 nm and 8.53±1.22 nm, 

respectively. Tables C-1 and C-2 provide a summary of the energy-dispersive X-ray 

spectroscopy (EDS) analysis conducted on the surfaces of the doped and undoped samples, 

confirming the successful incorporation of Mn2+ and Yb3+ ions into the crystalline structure 

while maintaining an atomic ratio similar to that of pristine CsPbCl3 QDs. Figure C-5C presents 

the X-ray diffraction (XRD) patterns of undoped CsPbCl3 QDs and Mn-Yb co-doped CsPbCl3 

QDs, providing evidence of a pure crystalline cubic phase that remains unaffected during the 

metal cation doping process.169,182 Notably, the XRD peaks of the multi-cation-doped QDs 
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exhibit a slight forward shift, attributed to the impact of cation doping with Mn2+ and Yb3+ ions, 

which possess smaller ionic radii compared to Pb2+ ions. As a result of substituting Pb2+ ions 

with impurity metal cation dopants, there is a reduction in the crystalline size, consistent with the 

average nanocrystal size observed in the TEM images.169,182 These peak shifts and size 

reductions signify a homogeneous metal cation doping mechanism, wherein the dopants diffuse 

inward into the crystalline structure rather than residing solely on the surface of the host 

nanocrystals, which would indicate heterogeneous doping.182 Moreover, the presence of six 

hyperfine splitting profiles (A=88 G) in the electron paramagnetic resonance (EPR) spectrum of 

the multi-cation-doped LHP QD sample with respect to the absence of any EPR peaks for the 

pristine QDs demonstrates the successful incorporation of Mn2+ ions into the cubic structure of 

CsPbCl3 QDs following a homogenous doping mechanism achieved via Smart Dope.182 The ex-

situ structural characterizations of the in-flow synthesized QDs by Smart Dope demonstrates the 

success of the developed flow chemistry strategy in facilitating the incorporation of impurity 

transition and lanthanide metal cations into the crystalline structure of the host LHP QDs.  

In the next step, we conducted a comprehensive study of the performance and reliability 

of Smart Dopeôs hardware for the automated synthesis of advanced energy materials. 

Specifically, we focused on three key aspects: (i) ensuring proper mixing and uniform flow 

segmentation, (ii) establishing reliable continuous operation, and (iii) achieving reproducible in-

flow QD synthesis. These investigations provide substantial evidence for the viability of long-

term continuous operation of Smart Dope's hardware before conducting autonomous 

experimentation. 

As part of the flow system characterization, the stability and uniformity of the gas-liquid 

segmented flow were investigated. The temporal PL intensities were monitored continuously at a 



   

113 

 

specific wavelength (400 nm) for 15 min to visually distinguish the reactive phase from the inert 

gas phase and assess the averaged travel time for 1 min. This segmented flow characterization 

technique, illustrated in Figure C-6, enabled the identification of the passage of inert gas and 

reactive phase slugs. Next, we studied the effect of varying the reaction pressure via a back-

pressure regulator attached to the segmented flow reactor outlet on the uniformity of the reactive 

phase liquid slugs (Figure 4-3A). It is evident from the results shown in Figure 4-3A that only 

operating at reactor pressures higher than 70 psig ensures a uniform flow segmentation. 

Considering the importance of uniform mixing rates in the segmented flow reactor for achieving 

consistent quality of Mn-Yb co-doped LHP QDs, the back-pressure regulator was set at 95 psig 

to ensure uniform average flow velocity for both gas and liquid segments (i.e., constant residence 

time) once the system reaches steady-state operation. It is worth noting that the steady-state time 

for the studies shown in Figure 4-3A was measured when only the precursor lines were filled, 

and the reactor's outlet contained no slugs from previous in-flow QD synthesis experiments.  

The reliability of Smart Dopeôs hardware for the continuous synthesis of Mn-Yb co-

doped LHP QDs was assessed using three optical features obtained in-situ (Figure 4-2): the 

absorbance value at 365 nm (Abs365nm, reaction yield proxy), the area ratio of the Mn to BG 

emission peaks (SMn/BG, Mn doping level proxy), and the area ratio of the Yb to the BG emission 

peaks (SYb/BG, Yb doping level proxy). Figure 4-3B illustrates Smart Dope's response for all three 

in-situ obtained optical features (Abs365nm, SMn/BG, SYb/BG) of Mn-Yb co-doped CsPbCl3 QDs, 

with standard deviations 3.6%, 4.9%, 4.8%, respectively after implementing a washing cycle 

every 15 min and allowing sufficient transient time (~5 min) to reach the steady state operation. 

The intermittent automated washing protocol, performed every 15 min on the stream of Smart 
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Dope, effectively prevents QDs' precipitation and reactor fouling, ensuring the flow system's 

long-term operational stability for Smart Dope's autonomous experimentation mode.  

Next, to assess the reproducibility of Smart Dope's performance regarding its automated 

process operation and reproducibility of the in-situ spectral response for a given QD synthesis 

condition, an experimental perturbation study was conducted with five randomly specified QD 

synthesis conditions sequentially performed between a constant reference synthesis condition. 

Figure 4-3C demonstrates the capability of Smart Dope's flow chemistry hardware to reproduce 

consistent responses for all three output optical features, with standard deviations 3.3%, 3.2%, 

and 2.5%, respectively. This result highlights the robustness and reliability of Smart Dope's 

hardware in achieving reproducible results, which is an important feature for minimizing the 

experimental noise of SDLs.  

In order to determine the appropriate equilibrium time for initiating in-situ 

characterization of the in-flow synthesized QDs, it is essential to establish how many residence 

times are needed for a given QD synthesis condition in Smart Dope to reach steady state 

operation. Thus, three QD synthesis conditions were tested in a sequence with nominal residence 

times of 0.93 min, 1.4 min, and 1.86 min. The optical features of the three tested QD synthesis 

conditions, presented in Figure 4-3D, illustrate that the flow chemistry apparatus consistently 

reaches a steady-state before three times the nominal residence time of a given QD synthesis 

condition. Finally, the long-term stability of the QD precursors was tested over five days for a 

single synthesis condition. Figures C-7A and C-7B exhibit consistent spectral responses for the 

same batch of QD precursors and the same QD synthesis condition over five days, indicating 

both the stability of the QD precursors and the reliability of Smart Dope's hardware for its 

autonomous operation over multiple days, see Appendix C (C-9). 
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Figure 4-3. Characterization of Smart Dope's hardware regarding flow formation stability, 

precision, and reproducibility: A) Effect of reaction pressure on the temporal evolution of reactive 

phase travel time. B) Temporal evolution of Abs365nm, SMn/BG, and SYb/BG for a constant QD 

synthesis condition over 60 min. C) Assessment of Smart Dope's QD synthesis reproducibility for 

a constant synthesis condition following the application of 5 randomly chosen synthesis 

conditions. D) Examination of the impact of dynamic residence time to determine the number of 

residence times (equilibrium time) applicable to all autonomous conditions. 

 

4.3.2 High-throughput in -flow screenings 

To glean preliminary insights into the synthesis chemical space of Mn-Yb co-doped LHP 

QDs, a partial grid search study was conducted using the automated operation mode of Smart 

Dope. This parameter space exploration study involved only varying an input parameter of 

interest while keeping the remaining input parameters constant and measuring the corresponding 

PLQYs. The results of this automated parameter space exploration study are summarized in 

Figure 4-4, which illustrates the impact of each input parameter on the PLQYs as they transition 

from lower to higher values. The recorded UV-Vis-NIR PL and absorption spectra for each 

partial grid study condition can be found in Figures C-8 and C-9, respectively. Moreover, a 

summary of the measured PLQYs obtained from the in-flow screening studies is provided in 

Table C-3. These preliminary findings offer valuable insights into the metal cation doping 

mechanism of LHP QDs at high temperatures and facilitate the QD synthesis parameter 
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boundaries adjustment within their respective dimensionless equations. Defining the boundaries 

of the experimental space facilitates a more efficient and focused autonomous navigation 

process, reducing the overall experimentation time and minimizing material consumption for 

subsequent autonomous experimentation campaigns. For instance, increasing the concentration 

of Cs precursor led to an enhancement in the total PLQY, as it facilitated the formation of more 

host QDs which can be observed from the rise of Abs365nm value (Figure C-9A), and allowed for 

increased metal cation doping levels. Increasing the concentration of Pb precursor resulted in the 

formation of more initial host QDs (Figure C-9B). Still, it limited the diffusion of Yb3+ ions 

within the host QDs due to the increased population of free Pb2+ ions in the reaction mixture. The 

concentration of Cl precursor influenced the diffusion of Yb3+ ions, suggesting the formation of 

complexes between Yb3+ and Cl- ions for subsequent metal cation exchange within the host QDs. 

However, excessive amounts of Cl- ions and a higher population of free Yb3+ ions led to the 

removal of more Pb2+ ions, disrupting the perovskite crystal structure and decreasing the 

population of host QDs (Figure C-9C). Increasing the concentration of Mn precursor resulted in 

higher Mn doping levels. Still, it limited the incorporation of Yb3+ ions. Subsequently, it 

restricted the accessible total PLQY, which agrees with the results of Chen et al. where it was 

demonstrated that high Mn doping levels can quench the Yb-induced emissions.169 Moreover, 

increasing the concentration of Yb precursor initially increased the total PLQY, but excessive 

Yb3+ ions acted as a diffusion barrier for further incorporation of metal cation dopants and 

negatively affected the crystalline integrity of the host QDs (Figure C-9E).  

Regarding the impact of ligands, increasing the OAm precursor concentration initially 

increased the Mn doping level, as Mn2+ ions were found to form complexes with Oleylamonium 

ions for exchange with Pb2+ ions within the host QDs.111,166,244 However, an excess of 
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oleylammonium ions could deteriorate the crystalline integrity of the host QDs and limit the 

incorporation of Yb3+ ions.111,166,244 On the other hand, the concentration of OA precursor had a 

minor impact on forming more QD hosts. However, by likely bringing freely available Cs+ ions 

into the crystalline structure, increasing the OA precursor concentration can improve the Mn 

doping level and thereby limit the incorporation of Yb3+ ions as a secondary metal cation dopant.  

The impact of reaction temperature was also studied, revealing that the maximum Mn 

doping level was obtained between 190°C to 210°C. In comparison, the Yb doping level was 

limited between 170°C to 210°C and exponentially increased between 210°C to 240°C. Further 

increase of the reaction temperature beyond 240°C diminished the formation of multi-cation-

doped LHP QDs and resulted in lower total PLQYs compared to QDs synthesized at lower 

temperatures. Additionally, the impact of reaction (residence) time on the PLQY of multi-cation-

doped LHP QDs was investigated by varying the reactor's length (volume) at a constant total 

volumetric flow rate (i.e., similar mixing rate). It was found that the developed one-pot heat-up 

synthesis approach of multi-metal cation-doped LHP QDs required a reaction time of 17 s to 35 s 

to achieve the highest PLQY and reaction yield. Prolonging the reaction time beyond 35 s at high 

reaction temperatures led to reduced metal cation doping levels due to the decomposition of the 

formed host QDs. Therefore, it is necessary to quench the reaction after 35 s to maintain optimal 

synthesis conditions. Overall, the automated QD parameter space screening provided valuable 

knowledge for narrowing down the reaction temperature range for lanthanide doping of LHP 

QDs. The highest obtained PLQY throughout the automated partial grid search was 136% (also 

shown in Table C-3), with minimal contribution of the BG PLQY to the total PLQY. These 

findings motivate further optimization of Mn and Yb doping to maximize the total PLQY of Mn-

Yb co-doped CsPbCl3 QDs via the autonomous operation mode of Smart Dope. 
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Figure 4-4. Automated in-flow exploration of the vast reaction space of multi-cation-doped LHP 

QDs (1.9×1013 possible experimental conditions). The presented PLQY results show the 

complexity of the high-dimensional Mn-Yb co-doped CsPbCl3 QD synthesis which underscores 

the necessity for accelerated optimization through advanced autonomous experimentation by 

Smart Dope. 

 

4.3.3 Digital twin 

The high-dimensionality of the experimental space associated with Mn-Yb co-doped 

LHP QDs poses significant challenges in the search for the optimal QD formulation with the 

highest PLQY. The advent of SDFLs technology and the implementation of closed-loop 

autonomous experimentation offer an informed and efficient means of navigating this vast and 

multivariate parameter space with minimal experimental iterations. Therefore, in the next step, 
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we designed a global learning stage, conducting 150 automated QD synthesis experiments at 

reaction conditions selected by LHS to provide unbiased experimental data from the accessible 

QD synthesis experimental space. The LHS experimental data was then utilized for building a 

digital twin of the one-pot multi-cation QD doping reaction and an accurate surrogate model for 

subsequent closed-loop optimization campaigns. To address the chemical space's complexity, we 

focused on optimizing three key optical properties of the in-flow synthesized QDs: Abs365nm, SMn, 

and SYb. These three process outputs were then transformed into total PLQY to maximize its 

value. Mapping these in-situ measured QD optical features to the synthesis input parameters (Xi, 

i=1-9) was achieved through an ML approach, employing an ENN with fine-tuned 

hyperparameters (see Appendix C, (C-1.2)).  

The ENN model trained on the LHS experimental data generated in-house by Smart 

Dope served to: (i) create a belief model, representing the digital twin of Smart Dope's physical 

hardware for fundamental mechanistic studies of the multi-cation LHP QD synthesis and (ii) 

guide the subsequent experimental selections for closed-loop autonomous optimization 

campaigns. The trained digital twin not only provided precise predictions (R2>0.87) for the QD 

optical features of interest (i.e., Smart Dope's outputs) but also offered valuable mechanistic 

insights into the metal cation doping reaction. Figures 4-5A-F present the performance 

(accuracy) of the trained digital twin for both the training and test data sets. Table C-4 shows all 

the experimental conditions with the measured PLQY values obtained via the automated LHS 

experiments.  
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Figure 4-5. Performance of the digital twin trained using the in-house generated LHS experimental 

data. Parity plot for measured and predicted output values of the training data sets for A) Abs365 

nm, B) SMn , and C) SYb. Parity plot for measured and predicted output values of the test data sets 

for E) Abs365 nm, F) SMn , and G) SYb.  

 

The next step involved utilizing the digital twin knowledge to further our understanding 

of the fundamental mechanistic aspects of Mn-Yb co-doped LHP QD synthesis chemistry. The 

trained ENN digital twin generated Shapley additive explanation plots for each QD optical 

feature (process output), ranking the importance of QD synthesis input parameters from highest 

to lowest (Figure 4-6A). The Shapley analysis in Figure 4-6A suggests that Pb, Cs, and Cl 

precursors' concentration represents the most important QD synthesis input parameters affecting 

Abs365 nm of Mn-Yb co-doped CsPbCl3 QDs. The Shapley analysis results, generated from the 

ENN digital twin model of the multi-cation-doped LHP QDs, are well-aligned with the formation 

mechanism of LHP QDs, where Cs, Pb, and Cl are the key elements of the host QD structure and 

play a crucial role in determining the reaction yield of the one-pot QD synthesis route. This 

finding is also consistent with the outcomes of our partial grid search experiments (Figures C-

9A-C). Analyzing the distribution of SHAP values in Figure 4-6A, it is evident that increasing 
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the concentrations of Pb and Cs precursors leads to greater QDs formation (higher Abs365 nm) by 

potentially enhancing the nucleation rate of the host LHP QDs. On the other hand, excessive Cl- 

ions harm the structural integrity of the LHP QDs. Examining the importance of QD synthesis 

input parameters for controlling Mn doping (SMn) using Shapley analysis (Figure 4-6B), reaction 

temperature and Mn and Pb precursor concentrations were the most important input parameters. 

Here, increasing reaction temperature leads to a decrease in Mn doping level. At the same time, 

higher concentrations of Mn2+ and Pb2+ ions facilitate successful metal cation exchange between 

Mn2+ and Pb2+ ions, resulting in higher Mn doping levels (higher SMn). Shapley analysis results 

of SYb, shown in Figure 4-6C, suggests that reaction temperature and Pb and Cl precursor 

concentrations are the key synthesis input parameters affecting the Yb emission peak of Mn-Yb 

co-doped CsPbCl3 QDs. Furthermore, the results of Figure 4-6C reveals that higher Yb doping 

levels (higher SYb) require higher reaction temperatures and higher concentration of Pb2+ ions. 

Although increasing Cl- ion concentration initially enhances Yb doping, excessive amounts 

deteriorate the QD structure, resulting in lower Yb doping levels. It is worth noting that the 

concentration of the Yb precursor is not ranked as highly important in controlling SYb (Figure 4-

6C), which suggests the initial concentration used by Smart Dope was high.  

The digital twin studies provide valuable insights for rational design of QD precursors for 

enhanced performance. Additionally, the digital twin facilitates visualization of the complex and 

high-dimensional multi-cation-doped LHP QDs. Figures 4-6D-F present visualization of one-pot 

multi-cation doping reaction using the digital twin built by the in-house generated experimental 

data by Smart Dope. Specifically, the impact of the top two ranked synthesis input parameters 

(based on Shapley analysis) were examined at three levels (low, medium, and high) of the third 

most important input parameter for each QD optical feature. Figure 4-6D illustrates that 
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increasing the concentrations of Pb and Cl precursors improves and deteriorates the reaction 

yield of the host QDs, respectively, in agreement with our previous results and discussions. In 

addition, increasing the concentration of Cs precursor enhances the reaction yield. Figure 4-6E 

demonstrates that the maximum Mn doping level can be achieved between 180oC to 190oC, 

particularly at high levels of Pb precursor concentration. Similarly, high reaction temperatures 

combined with a medium value of Pb precursor concentration result in the highest Yb doping 

level of Mn-Yb co-doped CsPbCl3 QDs. Interestingly, an increase in Cl precursor concentration 

can also result in higher Yb doping, possibly due to the formation of coordination complexes 

between Yb3+ and Cl- ions, facilitating successful metal cation exchange between Yb3+ and Pb2+ 

ions. 

Figure 4-6. Accelerated mechanistic studies of high-temperature Mn-Yb co-doped CsPbCl3 QD 

synthesis enabled by Smart Dope. Shapley additive explanation plots of QD optical parameters 

(outputs), including A) Abs365 nm, B) SMn , and C) SYb. Surface plots showing the impact of the top 

three synthesis input parameters on D) Abs365 nm, E) SMn , and F) SYb. 
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4.3.4 Closed-loop autonomous optimization 

Following the digital twin studies of multi-cation-doped LHP QDs, the trained ENN 

model was utilized as a surrogate model for autonomous PLQY optimization by Smart Dope. 

The goal of this autonomous QD synthesis campaign was to utilize the in-house generated prior 

knowledge from the LHS experiments to rapidly identify the most optimal synthetic route of Mn-

Yb co-doped CsPbCl3 QDs with the highest PLQY while minimizing the number of 

experimental iterations (experimental cost). Five autonomous optimization campaigns, each with 

a budget of 10 iterations, were conducted using different decision-making policies: black-box 

random sampling, expected improvement (EI), upper confidence bound (UCB), pure exploitation 

(EPLT), and EI without prior knowledge (see Appendix C (C-1.3) for details of different 

experiment-selection decision policies). Figure 4-7A presents the Smart Dope's closed-loop 

performance for five different PLQY optimization campaigns of Mn-Yb co-doped CsPbCl3 QDs. 

The EPLT experiment-selection policy reached a total PLQY of 130% in its eighth iteration. 

Subsequently, the UCB experiment-selection policy identified the synthetic route with the 

highest total PLQY of 153%, surpassing the maximum total PLQY obtained from the 150 LHS 

experiments. This result indicates that the global optima were not identified during the LHS 

stage, necessitating further exploration of the QD synthesis space. The EI experiment-selection 

policy reached the highest total PLQY of 158% after only four closed-loop iterations. However, 

the EI policy without prior knowledge (i.e., without the surrogate model trained on the LHS 

experimental data) and the black-box random sampling approach underperformed within the 

defined experimental budget, mainly due to the high-dimensionality nature of the experimental 

QD synthesis space. Figure 4-7B shows the UV-Vis-NIR absorption and PL spectra of the 

highest-performing Mn-Yb co-doped CsPbCl3 QDs autonomously synthesized by EI experiment-
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selection policy of Smart Dope. Table C-5 summarizes the ML-identified QD synthesis 

conditions during each autonomous closed-loop optimization campaign of Smart Dope.  

There are several reasons why the EI policy is considered a better option than the UCB 

policy for the autonomous optimization of multi-cation-doped LHP QDs. The EI policy directly 

measures the improvement of the defined objective function, which is crucial for optimizing the 

synthesis process. In contrast, the UCB policy primarily focuses on actions with higher 

uncertainty, which may not align perfectly with the objective-driven optimization. Lastly, the EI 

policy's emphasis on actions with the highest expected improvement over the current best value 

allows for faster convergence to the optimal conditions. With fewer experimental iterations, the 

EI policy can identify the optimal synthesis parameters more efficiently than the other tested 

experiment-selection strategies, thereby saving time and resources for the PLQY optimization of 

multi-cation-doped LHP QDs.230 Additionally, by leveraging prior knowledge, incorporating the 

specific characteristics and constraints of the problem domain, and adapting based on past 

iterations, an informed EI decision-policy can significantly enhance decision-making during the 

autonomous optimization of Smart Dope compared to a black-box EI approach.230 Based on the 

results summarized in Table C-5, it can be inferred that the EI experiment-selection algorithm 

effectively limits the synthesis input parameters within a specific boundary, leading to the 

identification of global QD synthesis optima in the experimental synthesis space of Mn-Yb co-

doped CsPbCl3 QDs. It is important to note that due to the high dimensionality of the synthesis 

parameter space of Mn-Yb co-doped LHP QDs, relying solely on the prediction power of the 

digital twin does not immediately capture the global optima. Therefore, the closed-loop 

autonomous optimization approach offered by Smart Dope is necessary for the intelligent 
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exploration of exponentially expanding parameter spaces while continuously updating and 

improving the prediction accuracy of the surrogate model.  

One of the intriguing features of Smart Dope is its automated switching from autonomous 

optimization to continuous manufacturing operation modes. Once the most optimal synthetic 

route is identified via the autonomous optimization mode of Smart Dope, it can transition from 

exploration and optimization to continuous manufacturing mode. Figure 4-7C demonstrates the 

robust and precise performance of Smart Dope in continuous nanomanufacturing of the highest-

performing Mn-Yb co-doped CsPbCl3 QDs in-flow over 5 h time on stream with a throughput of 

190 mg.h-1, operating at a total liquid flowrate of 300 µL.min-1. The uniform cubic morphology 

of the in-flow synthesized QDs observed in the TEM images after every hour of sample 

collection supports Smart Dope's reliability and reproducibility in continuous 

nanomanufacturing. Smart Dope achieves the highest reported total PLQY value for Mn-Yb co-

doped LHP QDs chemistry at an optimal temperature of 240oC using the informed (trained 

surrogate model) EI experiment-selection policy of Smart Dope.  

In general, a higher contribution to the total PLQY of multi-cation-doped LHP QDs is 

observed with Yb doping, and the incorporation of Yb3+ ions can reach its maximum level at 

elevated temperatures (between 235°C and 240°C). This discovery of the optimal QD synthesis 

condition highlights a reaction temperature region that colloidal nanoscience experts have not 

extensively investigated for metal cation doping of LHP QDs. This important result serves as an 

example of the power of autonomous experimentation (e.g., Smart Dope) in making unexpected 

discoveries via intelligent and material efficient navigation of high-dimensional parameter 

spaces.  



   

126 

 

Figure 4-7. From autonomous optimization to continuous manufacturing. A) The representation 

of the best-condition-so-far for autonomous search of finding the highest total PLQY in each 

optimization campaign of Smart Dope under different experiment-selection policies. B) The in-

situ UV-Vis-NIR absorption and PL spectra of the highest performing Mn-Yb co-doped LHP QDs 

discovered by informed EI experiment-selection policy of Smart Dope. C) Representation of stable 

and uniform Smart Dopeôs performance in terms of total PLQY for a 5-h continuous 

manufacturing process with automated intermittent washings. TEM images of the Mn-Yb co-

doped LHP QDs captured after every hour of sample collection. 

 

Future work can focus on adopting the Smart Dope's platform to explore multi-cation 

doping of LHP QDs beyond 2 impurity lanthanide metal cation dopants as well as anion 

exchange with bromide ions to enhance the quality of the host LHP QDs and further improve the 

total PLQY of multi-cation-doped LHP QDs. We expect the future implications of Smart Dope 

to push further the performance of cation-doped LHP QDs serving as building blocks for the 

fabrication of high-performance energy harvesting devices such as downconverters and LSCs. 

4.4 Conclusion 

In summary, we successfully developed and deployed Smart Dope, which is an ML-

assisted fluidic lab for autonomous parameter space exploration, development and optimization, 

mechanistic studies, and scalable manufacturing of multi-cation-doped LHP QDs. Smart Dope's 

modular flow chemistry platform utilized a two-phase gas-liquid segmented flow format to 

enable precise control of the QD synthesis parameters at reaction temperatures up to 255°C. By 
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incorporating a pressure control module into the flow chemistry platform of Smart Dope, we 

accommodated the high-temperature QD synthesis and ensured uniform and stable formation of 

reactive liquid slugs, required for continuous autonomous experimentation. The developed SDFL 

integrates a robust and reproducible process control, an in-situ spectral data acquisition and 

processing unit, and an ML-assisted decision-making agent, enabling both automated and 

autonomous operation. Smart Dope leveraged an in-situ spectral UV-Vis-NIR characterization 

technique specifically tailored for lanthanide-doped LHP QDs, using miniature spectrometers, 

allowing continuous in-situ absorption and PL spectroscopy of the in-flow synthesized QDs. 

Through our comprehensive studies involving ex-situ structural characterizations and the 

knowledge obtained from the digital twin QD synthesis model, we proposed a homogeneous 

inward diffusion doping mechanism where Mn2+ and Yb3+ ions successfully undergo cation 

exchange with Pb2+ ions present in the host LHP QDs. Mn2+ ions form active complexes with 

available oleylammonium ions, while Yb3+ ions interact with Cl- ions to facilitate the doping 

process. Leveraging Smart Dope's accelerated autonomous optimization mode, an informed EI 

experiment-selection strategy identified the optimal formulation of Mn-Yb co-doped CsPbCl3 

QDs with the highest reported PLQY of 158%. By intelligently navigating the experimental 

space of LHP QDs, Smart Dope successfully identified optimal synthetic conditions for multi-

cation-doped LHP QDs, conducting 150 LHS experiments followed by 10 cycles of autonomous 

experimentation within an SDFL, over a 32-h timeframe without any human intervention. 

Subsequently, our platform seamlessly transitioned to continuous manufacturing mode, 

producing the optimal Mn-Yb co-doped LHP QDs at a throughput of 190 mg.h-1 after 

purification. This study demonstrated the unique attributes and potential of Smart Dope in 

accelerating materials discovery and development related to renewable energy technologies by 
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combining continuous robust experimentation and in-situ characterization with modern data 

science tools to achieve closed-loop autonomous experimentation. 

4.5 Experimental Methods 

4.5.1 Materials  

All chemicals were used without further purification. 1-ocatedecene (ODE, 90%) and 

quinine sulfate (A0374529, absolute PLQY=67.5%) were purchased from ACROS Organics. 

Oleic acid (OA, 90%) was purchased from Alfa Aesar. Oleylamine (OAm, 70%), cesium acetate 

(Cs(Ac), 99.99% trace metal basis, MW=191.95 g/mol), lead(II) acetate trihydrate 

(Pb(Ac)3.3H2O, 99.99% trace metal basis, MW=379.37 g/mol), ytterbium(III) acetate hydrate 

(Yb(Ac)3.XH2O, 99.95% trace metal basis, MW=350.17 g/mol), chlorotrimethylsilane (TMSCl, 

>98%), and manganese (II) acetate (Mn(Ac)2, 98%, MW=173.027 g/mol) were purchased from 

Sigma-Aldrich. Hexane (ACS certified) and ethanol (70%) were purchased from Fisher 

Scientific. Sulfuric acid (H2SO4, 60%, 098361) was obtained from Oakwood Chemical. Toluene 

(HPLC grade) was purchased from VWR. Ar and nitrogen N2 tanks were purchased from Airgas. 

SYLGARD 184 silicone elastomer and the curing agent were obtained from Ellsworth 

Adhesives. The organic dyes, HITC Perchlorate and IR-140 were purchased from 

EssilorLuxottica.  

4.5.2 Precursor Preparation  

The precursor preparation described herein is based on the study by Gamelin et al.,194,239 

with slight modifications made to adapt the QDs chemistry from batch to flow synthesis. 

Individual metal-containing precursors, Cs(Ac), Pb(Ac)2.3H2O, Mn(Ac)2, and Yb(Ac)3.XH2O, 

were prepared by dissolving 0.28 mmol, 0.2 mmol, 0.02 mmol, and 0.1 mmol of the respective 

salts in ODE at 150°C for 1 h. The dissolution process was carried out under a continuous flow 
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of N2 provided via a Schlenk line. The salts were dissolved in a ligand-solvent mixture of 

ODE:OA:OAm with a volumetric ratio of 24.5:1.0:0.5. For the chloride-based precursor, 500 µL 

of TMSCl was dissolved in 49 mL of ODE inside an N2 glovebox. Two concentrated ligand-only 

precursors, ODE-OAm and ODE-OA, were prepared using a 5:1 ODE:ligand volumetric ratio. 

All the precursors, except for the pure ODE solution and the two ligand-only precursors, were 

loaded into gas-tight stainless steel syringes (50 mL, Chemyx) under inert conditions after 

reaching room temperature. All QD precursors were prepared in 60 mL glass septa vials. 

4.5.3 Experimental Setup  

The hardware of Smart Dope provides automatic access to 9 QD synthesis parameters 

and comprises four primary modules: 1) fluid delivery, 2) precursor formulation and reaction, 3) 

in-situ characterization, and 4) pressure control. The fluid delivery module includes eight 

automated syringe pumps (Fusion 6000, Chemyx) equipped with stainless steel syringes (eight 

50 mL, Chemyx) as well as one computer-controlled mass flow controller (MFC, Bronkhorst, 

EL-Flow Select). The fluid delivery module of Smart Dope was designed to precisely control the 

rate and stability of the QD precursor streams and the inert continuous phase (Ar) into the flow 

reactor. The minimum volumetric flow rate of the QD precursors regulated by the syringe pumps 

was set to 10 µL.min-1 to ensure precise mixing of the QD precursors. The fluid delivery lines 

were connected to the formulation and reaction module using fluorinated ethylene propylene 

(FEP) tubing (0.02 in inner diameter, ID, 1/16 in outer diameter, OD, Microsolv Technology). 

The liquid precursor lines within the formulation and reaction module were initially connected to 

a 9-way fluidic manifold, creating an output stream of all QD precursors. The fluid stream 

leaving the manifold then passed through an in-line passive micromixer (FEP, 0.02 in ID) with a 

dead volume of 50 µL before transitioning into a gas-liquid segmented flow format inside the 
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reaction module. To prevent the back-flow of liquid precursors into the gas line and ensure 

uniform flow segmentation during closed-loop autonomous experimentation, the Ar stream 

exiting the MFC was connected to an outlet check valve (IDEX). The gas-liquid segmented flow 

was formed using a T-junction connected to the mixed QD precursors and Ar lines. The formed 

segmented flow was then passed to the reaction module (0.03" ID × 1/16" OD stainless steel 

tubing placed inside a helical-shaped aluminum reactor unit (see Figure C-1) for high-

temperature synthesis of multi-cation-doped LHP QDs. Heating of the custom-machined reactor 

heating block was achieved using a cartridge heater (0.5" diameter, 2" long, 150 W, Omega) 

placed in the center of the reactor module (Figure C-1). The flow reactor module was thermally 

insulated, and the reaction temperature was automatically varied between 160oC to 255oC using a 

computer-controlled PID temperature controller (F4T, Watlow). The flow reactor (stainless steel 

tubing) inside the high-temperature reactor measured a total length of 0.5 m. The QD synthesis 

(residence) time was dynamically controlled without sacrificing the segmented flow uniformity 

by varying the total liquid volumetric flow rates (ranging from 150 µL.min-1 to 400 µL.min-1) 

while maintaining a constant gas-to-liquid volumetric ratio of 1.2. The flow reactor outlet was 

connected to perfluoroalkoxy (PFA) tubing (0.03" ID × 1/16" OD, Microsolv Technology) via a 

stainless steel union. The produced QDs within the reactive liquid slugs leaving the flow reactor 

module of Smart Dope were rapidly cooled down to room temperature before entering the in-situ 

characterization module (flowcell, 0.04" ID × 1/16" OD, FEP tubing, Microsolv Technology). 

The total volume of the flow chemistry setup after the flow segmentation section until the in-situ 

characterization module was nearly 620 µL. The custom-built flowcell was connected via three 

fibers to: 1) a high-power UV light emitting diode (UV LED, 365 nm, Thorlabs, M365LP1, 90o 

configuration) serving as the PL excitation light source, 2) a balanced UV-Vis light source 
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(Ocean Insight, DH-2000BAL, 180o configuration), and 3) a miniature spectrometer (Ocean 

Insight, Ocean HDX Miniature Spectrometer, 180o configuration) for real-time spectral 

monitoring of the UV-Vis-NIR absorption and PL spectra of the in-flow synthesized multi-

cation-doped LHP QDs. Integration times of 6 ms and 20 ms were used for UV-Vis and PL 

spectra acquisition, respectively. The three optical features that were automatically calculated 

from the in-situ obtained UV-Vis-NIR absorption and PL spectra are: (i) Abs365 nm, (ii) SMn, (iii) 

SYb. Smart Dope's hardware was pressurized using a back pressure regulator (Equilibar) at 95 

psig N2. The incorporation of the back-pressure module mitigates volumetric changes in the gas 

phase at high reaction temperatures, thereby ensuring uniform liquid slug size and residence time 

during the high-temperature QD synthesis in the flow reactor. 
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CHAPTER 5: Conclusions and Outlook 

As detailed throughout this PhD study, microscale flow synthesis strategies have 

demonstrated their potential as a versatile and powerful tool for accelerated development of 

PQDs. Specifically, the in-flow studies of Pb halide PQDs have capitalized on the in-situ 

characterization, rapid and accurate colloidal synthesis parameter space screening, and precisely 

controlled reaction environment capabilities of microfluidic platforms to boost the fundamental 

and applied studies of Pb halide PQDs. Despite the rapid progress of Pb halide PQDs over the 

last 5 years, further advancements in synthesis science and flow reactor engineering are needed 

to the realize the potential of PQDs as one of the leading semiconducting materials for next-

generation, solution-processed optoelectronic devices. In this section, we discuss potential future 

directions for microfluidic studies of PQDs from (i) synthesis science and (ii)  flow reactor 

technological advancement perspectives. 

5.1 Accelerated Synthesis Science Studies of PQDs Enabled by Microscale Flow Reactors 

5.1.1 Microscale Flow Synthesis of Pb-Free Metal Halide PQDs 

Despite the unique physicochemical and optoelectronic properties of Pb halide PQDs, the 

inherent toxicity of Pb is considered as one of the major bottlenecks in widespread adoption of 

this exciting class of semiconducting materials. Recently, several studies have focused on 

reducing the amount of Pb present in PQDs towards achieving Pb-free PQDs with optoelectronic 

properties similar to their Pb halide counterparts. Currently, cation-doped (e.g., manganese, 

cadmium, zinc)18,120,175 and Pb-free (i.e., substituting Pb with tin, germanium, indium, bismuth) 

PQDs have successfully been demonstrated in the batch scale with relatively poor optoelectronic 

properties (e.g., PLQY<40 %).260 Employing microscale flow synthesis strategies integrated with 
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in-situ diagnostic probes can significantly accelerate development of next-generation PQDs with 

reduced Pb content, without sacrificing their structural stability and PLQY. 

5.1.2 Colloidal Ligand Exchange  

Surface capping ligands play a key role in the growth and colloidal stability of PQDs (see 

Section 1.4.3).260,261 Typically, the native surface capping ligands used to reach the required size, 

shape, and structure of PQDs are ill-suited for the targeted applications in chemical and energy 

technologies.260,262 Thus, post-synthesis ligand exchange is typically performed to tailor the 

surface properties of PQDs (e.g., solubility, charge transport, solid-state packing density) for the 

targeted applications. For example, ligand exchange is a key step in fabrication of PQD-based 

solar cells, where the long chain surface ligands are replaced with shorter, less bulky ligands to 

significantly improve charge transport throughout the device.3,5,6 In addition, it has been 

demonstrated that PQD ligand exchange can enhance LED performance,16 improve colloidal and 

structural stability,263 and boost PLQY3,16,31,263 of Pb halide PQDs. Thus, making ligand 

exchange an important process for the development of high-performance PQD-based 

optoelectronic devices. 

Currently, the majority of Pb halide PQD ligand exchange efforts are performed on thin 

films (i.e., solid-state ligand exchange).3,5,6,264 Despite the considerable progress in performance 

of PQD-based devices,2ï6,129,265ï267 solid-state ligand exchange processes suffer from time-, 

labor- and resource-intensive repetitive manual coating and washing steps.264,268,269 Moreover, 

the Pb halide PQD thin film is prone to cracking after every solid-state ligand exchange cycle 

due to volume shrinkage caused by drying and ligand replacement,260,269 leading to uneven 

surfaces that impedes accurate data acquisition. Additionally, solvent polarity and ligand 

coordination ability impact the kinetics and mechanism of solid-state ligand exchange on the 
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PQD surface.260 To this extent, colloidal ligand exchange, also referred to as solution-phase 

ligand exchange,262,270,271 has been explored as an alternative route to address the aforementioned 

challenges associated with solid-state ligand exchange of PQDs. Another reason that makes 

colloidal ligand exchange of PQDs an appealing surface engineering route is its compatibility 

with flow reactors with high-throughput screening capabilities, which can enable rapid 

exploration of the massive accessible parameter space of target capping ligand and solvent pairs 

for application-guided surface engineering of high-quality PQDs. 

5.2 Flow Reactor Engineering: From Modular Components to Reconfigurable Operation 

5.2.1 Intelligent Flow Synthesis Platforms 

With the advent of modular flow synthesis reactors and rapidly growing AI strategies, the 

new generation of in-flow synthesis of PQDs should rely heavily on convergence of colloidal 

synthesis, flow reactor engineering, and AI to truly capitalize on the advantages of microscale 

fluidic handling technologies and the wealth of data made available through in-situ 

diagnostics.144,272 The new frontiers of PQD development efforts should focus on integration of 

materials informatics with highly reconfigurable flow synthesis reactors to achieve fully 

autonomous formulation discovery as well as time- and cost-effective process development and 

continuous manufacturing of next-generation, high-quality PQDs.43,51 

5.2.2 In-Situ Material  Diagnostics 

Despite the wealth of information made available through in-situ spectroscopy 

techniques, acquiring accurate absorption spectra of Pb halide PQDs can be very challenging. As 

mentioned previously (Section 1.3.2), the UV-Vis absorption spectra can be utilized for 

accelerated measurement of bandgap energy, average size, concentration, and PLQY of in-flow 

synthesized Pb halide PQDs. However, absorption (optical density) and PL intensity are linearly 
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proportional to concentration only up to an optical density of 0.05,273,274 where beyond this very 

low threshold inner filter effects emerge and breach the Beer-Lambert law.  

Inner filter effects are manifested when the sampleôs optical density/concentration 

becomes high enough where both the incident and emitted light (for fluorescent materials) are 

absorbed before reaching the detector.273,275 Fluorescent materials with small Stokes-shift (i.e. 

PQDs) are especially vulnerable to the inner filter effects.273 Specifically, the inner filter problem 

presents itself in PLQY measurements, where the PL quenching effect reduces the PL intensity, 

resulting in a pseudo-diminished measured PLQY values. Sample concentration has an 

additional effect on the peak emission wavelength of highly fluorescent materials (i.e. PQDs), 

where higher sample concentrations result in a red-shift of the peak emission wavelength due to 

the reabsorption of the shorter wavelengths,273,276 and sample dilution results in a blue-shift.276 

Although, it has been suggested that the inner filter effect can be corrected mathematically, it 

requires a system-specific correlation and is only valid for a limited range of sample 

concentrations.276  Furthermore, extreme dilution can severely strip the stabilizing surface 

capping ligands off the surface of ionic PQDs, resulting in PQD clustering.111 Utilization of the 

spectra correction or the extreme dilution approach depends on the nature of the colloidal system 

as well as the flow reactor design.  

Reducing the optical density to eliminate the inner filter effect and achieve accurate 

absorption and PL spectra of PQDs can be approached from a reaction/reactor-design 

perspective. One approach is through reducing the concentration of the in-flow synthesized 

PQDs by dilution. Despite achieving reduced optical density, the in-flow PQD dilution approach 

suffers from (i) dilution-caused ligand detachment,31,111,125 (ii ) PL variation (e.g., PQD 

dissolution),273,276 and (iii ) requirements of extra equipment and solvents. Another strategy to 
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lower the concentration of the as synthesized PQDs in the microscale flow reactor is using 

diluted precursors.45 Alternatively, the optical density of Pb halide PQDs can be reduced in flow 

through decreasing the effective photon pathlength within the flow cell (i.e. tube diameter, inset 

of Figure 1-1).51 

Although in-situ UV-Vis absorption and PL spectroscopy techniques can provide a 

multitude of physicochemical and optoelectronic properties of the in-flow synthesized PQDs, 

they do not provide any information about the crystal structure and surface ligand population. 

Thus, future efforts should focus on integration of novel material diagnostic tools with 

microscale flow reactors to further enhance the fundamental understanding of the mechanisms 

governing the nucleation and growth pathways of colloidal Pb-based and Pb-free PQDs. The 

employed in-situ diagnostic tools should be sensitive enough to detect small sample volumes and 

be reasonably fast to capture millisecond timescales.  

Table 5-1 presents a list of suggested additions to the currently available in-situ 

diagnostic toolkit of microscale flow synthesis reactors with references to their successful 

applications in non-PQD flow synthesis platforms.  
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Table 5-1. Suggested Additions to the In-situ Diagnostics Toolkit of Microscale Flow Synthesis 

Platforms. 

Spectroscopic 

Method 

PQD Relevance Limitations  Previous 

Integration in 

Flow [Ref.] 

X-ray 

Diffraction 

(XRD) 

PQD nanocrystal 

structure1,20,277ï279 

PQD formation and growth 

pathway280ï283 

Time-Consuming284 

Accessibility 
[280ï283,285] 

Nuclear 

Magnetic 

Resonance 

(NMR) 

Surface capping ligand 

characterization111,124,286 

Colloidal ligand exchange 

 

Solvent switch 

Low sensitivity due 

to the small 

reactor/sample 

volumes used279,287,288 

Special Flow coil 

requirement289ï291 

[289ï293] 

Raman 

Spectroscopy 

Structural transitions and 

phases294ï298 

High signal variations 

in microfluidic 

devices191 

[299ï302] 

 

5.2.3 End-to-End Continuous Manufacturing of Pb Halide PQDs 

The ultimate goal of PQD flow synthesis strategies from the manufacturing perspective is 

to achieve a complete end-to-end continuous manufacturing route, guided by an AI-based 

decision-making strategy, for low-cost production of high-quality, application-ready PQDs 

without any manual intervention. To achieve this highly ambitious, yet achievable goal, multiple 

novel flow technologies, including (i) automated Pb halide PQD precursor preparation, (ii ) 

controlled precursor formulation, (iii ) multi-step flow synthesis of Pb-based or Pb-free PQDs, 

(iv) continuous purification of the as-synthesized PQDs, and (v) on-demand surface engineering 

of the purified PQDs, must be developed. Furthermore, novel AI-guided multi-step synthesis 

planning (retrosynthesis) strategies dedicated for colloidal nanomaterials are needed to leverage 

and utilize live-streamed in-situ diagnostic data after each synthesis step and manufacturing 

module to efficiently control the overall PQD manufacturing platform and remove batch-to-batch 

variation problem. 
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Despite the aforementioned advantages of microfluidic systems for accelerating the pace 

of research and development of Pb halide PQDs, they typically suffer from relatively low 

manufacturing throughput. Development of a reliable and cost-effective end-to-end Pb halide 

PQD manufacturing scheme using flow synthesis reactors can significantly impact their adoption 

and utilization at the industrial scale. 

The most commonly used strategy to increase the manufacturing throughput of 

continuous flow reactors is to increase the microchannel dimensions (diameter and length). 

However, increasing the microchannel diameter beyond a certain limit will nullify all the 

benefits incurred from using small dimensions (Figure 1-2).37 Another approach to increase the 

flow synthesis throughput is through increasing the flowrates used in the microreactors. 

However, increased precursor flowrates will significantly increase the pressure drop and the 

required reactor length (to maintain the same residence time). 

Scaling-out (i.e., numbering-up) is considered a viable alternative strategy for increasing 

the manufacturing throughput of microscale flow reactors while maintaining the characteristic 

transport length scales of a single-channel flow reactor.303ï307 The main challenge of scaling-out 

technique utilizing the two-phase flow format is ensuring a uniform flow distribution across all 

flow reactor lines. Recently, Wang et al.308 have successfully demonstrated a scaled-out flow 

synthesis approach for continuous manufacturing of CsPbBr3 PQDs at a throughput of 1 L/h with 

10 nm and 5 nm variance of peak emission wavelength and FWHM across 16 parallel flow 

reactor lines, respectively. Future continuous manufacturing research efforts of Pb halide PQDs, 

utilizing two-phase flow formats, should focus on further improving the flow uniformity across 

parallel flow reactor lines to significantly reduce the variance of PQD optoelectronic properties 

manufactured in flow.  
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Scaling-out the PQD manufacturing introduces additional downstream engineering 

challenges. In order to achieve a reliable end-to-end continuous manufacturing route for large-

scale synthesis of high-quality Pb halide PQDs, in addition to the scaled-out flow reactors, the 

phase separation, PQD purification, and surface engineering modules play a crucial role to 

ensure the high-quality and reaction yield of the as-synthesized PQDs are preserved, while 

minimizing the manufacturing cost and the capital expenditure.  

Upon completion of the colloidal PQD synthesis in flow, the carrier and the reactive 

phases should be separated to extract the desired product stream and recover the carrier phase for 

reuse in the PQD manufacturing platform. One of the promising approaches for facile phase 

separation of the carrier and the reactive phases in multi-phase flow synthesis is membrane-

based liquid-liquid phase separation.309 Porous Teflon membranes have been demonstrated to be 

successful for in-line separation of an oil-based carrier phase from a reactive phase containing 

colloidal nanomaterials, based on the difference in the affinity of the solvents to the porous 

Teflon membrane. Such in-line, liquid-liquid phase separation module would ensure continuous 

operation of a scaled-out multi-phase flow manufacturing process, while separating the as-

synthesized PQDs from the carrier phase for downstream purification. 

The purification step of colloidal PQDs, similar to the other colloidal nanomaterials, is 

conducted using a multi-step washing protocol with an antisolvent (centrifugation). However, the 

relatively low and throughput of the current antisolvent-based washing strategies necessitate 

development of more scalable PQD purification strategies with minimum surface damage (ligand 

removal). Cross-flow filtration,310 gel permeation chromatography,311 and liquid-liquid 

extraction312 are considered promising scalable nanocrystal purification strategies which can be 

adapted for continuous PQD purification in an end-to-end manufacturing platform. Microscale 
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flow synthesis has also been demonstrated to be a viable scalable option for in-flow surface 

engineering (ligand-exchange) of colloidal QDs.313 

The above-mentioned existing strategies offer a promising starting point for the 

development of an AI-guided, end-to-end continuous manufacturing route to achieve large-scale 

production (10-100 kg/day) of high-quality PQDs. 
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Appendix A 

A-1. EPR spectroscopy of the pristine and Mn-doped CsPbCl3 QDs 

Figure A-1A-C presents the electron paramagnetic resonance spectra (EPR) of the 

pristine CsPbCl3 quantum dots (QDs) as well as the fresh and aged Mn-doped CsPbCl3 QDs. 

Figure A-1D shows the temporal evolution of the Mn emission peak during the 6-h aging period. 

The absence and presence of the single peak (A=23.5 G) and six hyperfine splitting profiles 

(A=86 G) in the pristine (Figure A-1A) and Mn-doped (Figure A-1B and C) CsPbCl3 QDs, 

confirm the successful incorporation of Mn2+ centers into the crystalline lattice of the host PQDs. 

The single peak in the EPR spectra of the freshly synthesized Mn-doped CsPbCl3 QDs suggests a 

strong interaction of the Mn2+-Mn2+ pairs, which is typically observed for metal halide 

perovskite QDs with high levels of Mn doping (>10%). Considering the low amount of Mn 

(1.0±0.1% Mn2+) present in the doped CsPbCl3 QDs in this study (measured by EDS), the single 

EPR spectra peak of the freshly in-flow synthesized Mn-doped CsPbCl3 QDs could be attributed 

to the strong exchange interactions between the Mn2+ ions pairs localized at the outer surface of 

the host QDs, and therefore confirms a heterogeneous surface doping mechanism. Upon aging 

the Mn-doped CsPbCl3 QDs, Mn2+ ions can diffuse and disperse into the core structure of the 

host CsPbCl3 nanocrystals, which is confirmed by a six hyperfine splitting profile of the EPR 

spectra of the aged Mn-doped CsPbCl3 QDs (Figure A-1C). The inward diffusion of Mn2+ ions 

following the in-flow heterogeneous doping can be further evidenced from the blue-shift of the 

Mn emission peak from 625 nm to 618 nm within 6 h, shown in Figure A-1D.   
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Figure A-1. EPR spectra of the (A) pristine CsPbCl3 QDs and in-flow synthesized (B) fresh and 

(C) aged Mn-doped CsPbCl3 QDs using the dopant (MnCl2) concentration of 18 mM. (D) The Mn 

emission peak evolution within 6 h period of the aging process.  

 

A-2. XRD analysis of the pristine and Mn-doped CsPbCl3 QDs 

The XRD pattern of the Mn-doped CsPbCl3 QDs (Figure A-2) show the peaks relevant to 

the highly crystalline cubic phase, similar to the host CsPbCl3 QDs. The absence of the peak shift 

after the metal cation doping process is one of the indications of the heterogeneous surface 

doping reaction during the ultrafast in-flow metal cation doping process 

 
Figure A-2. The XRD patterns of the pristine and Mn-doped CsPbCl3 QDs. Both patterns suggest 

a cubic CsPbCl3 QD crystal structure.  
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A-3. TEM imaging 

The starting CsPbCl3 QDs and the Mn-doped CsPbCl3 QDs were purified using a 

precipitation/redispersion method discussed in the manuscript. The precipitated pristine and Mn-

doped CsPbCl3 QDs were dispersed in hexane for the TEM imaging. Figure A-3A presents the 

TEM image of the starting washed CsPbCl3 QDs. TEM observation reveals a cubic morphology 

of the pristine CsPbCl3 QDs with an average edge length of 7.9±0.7 nm. TEM image of the Mn-

doped CsPbCl3 QDs (Figure A-3B) demonstrates a uniform cubic morphology with an average 

edge length of 7.9±0.6 nm.    

 
Figure A-3. TEM images of the purified (A) pristine and (B) Mn-doped CsPbCl3 QDs synthesized 

using the dopant (MnCl2) concentration of 18 mM. The size distribution of QDs after the room-

temperature post-synthetic cation doping process remained constant. 

 

A-4. Two dimensional (2D) visualization of the steady state absorption and PL spectra 

The steady state UV-Vis absorption and PL spectra of the pristine and Mn-doped 

CsPbCl3 QDs at different concentrations of the dopant precursor (CM) and different ligand-to-

solvent ratios (LRS) are presented in 2D stack plots (Figure A-4). 
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Figure A-4. 2D stack plots of the steady state UV-Vis absorption and PL spectra of the pristine 

and Mn-doped CsPbCl3 QDs at different (A-B) CM and (C-D) LRS values.  

 

A-5. Kinetic study though the measured intrinsic kinetic constant (k1) 

For the kinetic studies of the post-synthetic Mn-doping of CsPbCl3 QDs, the intrinsic 

kinetic constants (k1) were measured at different MnCl2 concentrations (CM) and the ligand-to-

solvent ratio (LRS), shown in Figure A-5. The intrinsic kinetic constant is defined as the initial 

slope at t=0 from the fitted area ratio (Ar) curves shown in Figure 2-3C and Figure 2-4C of the 

manuscript. As shown in Figure A-5, the extent and kinetics of the Mn-doping process increased 

until a certain value (CM=18 mM, and LRS=0.1) and then decreased. This trend is attributed to the 

induced diffusion limitations in the presence of excess inactivated Mn2+ cations and excess free 

OAm+ cations, inhibiting a high-rate cationic exchange reaction between surface Pb2+ and Mn2+ 

cations. 
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Figure A-5. The calculated intrinsic kinetic constant (k1) values of the Mn doping of CsPbCl3 QDs 

at different (A) CM and (B) LRS values. 

 

A-6. Effect of OAm on the CsPbCl3 QDs and metal cation doping process 

To study the effect of OAm on the colloidal integrity of the CsPbCl3 QDs and the 

dynamics of metal cation doping process, the UV-Vis absorption spectra of the washed and 

diluted CsPbCl3 QDs were monitored in-situ, in the absence (Figure A-6A) and presence (Figure 

A-6B) of OAm with LRS=0.1. As shown in Figure A-6, the absorption intensity values decreased 

in the presence of OAm and reached a plateau within 2 s. The detrimental effect of excess OAm 

on the structural integrity of CsPbCl3 QDs can be observed in Figure 2-4C, where the excitonic 

features of the UV-Vis absorption spectra were diminished in the presence of high 

concentrations of OAm. 

 
Figure A-6. 3D waterfall illustration of the UV-Vis absorption spectra of the washed and diluted 

CsPbCl3 QDs (A) without and (B) with OAm (LRS=0.1), with the same conditions of the ultrafast 

Mn doping reactions. (C) The steady state UV-Vis absorption spectra of the washed CsPbCl3 QDs 

diluted with different volumetric ratios of OAm. 

 


