ABSTRACT
BATENI, FAZEL. AutonomousMicrofluidic Synthesis oMetal CationDopedPerovskite
QuantumDots (Under the directioof Dr. Milad Abolhasan).

Lead halide perovskite (LHP) quantum dots (QDs) have emerged as highly promising
foundationahananaterials for advanced energy and optoelectronic applications. This PhD thesis
undertakes an extensifitndamental and applied stud@simpurity metal catia dopingof LHP
QDsusing modular microfluidic platform integrated withsitu characterization probes and
assisted with machine learning taclfiePhDthesispresentthe development and deployment
of aself-driving fluidic lab (SDFL) foracceleratediscovery, development, optimizaticand
fundamental mechanistic studies of metal catioped LHP QDsWe further leverage the
reconfigurability of SDFLs to enable facile transition from fmatked parameter space
navigation to ordemand continuous maradturing of QDsThis PhD thesigncompasselD
synthesis and metahtion doping chemistriegperating at bothoomand high reaction
temperatures, unlocking new possibilities for tailored material properties and applications.

The firstspecific aimof this PhD thesis studidkw chemistrystrategiegor metal cation
doping in LHP QDsWe then utilize the developed flow chemistry approach for funadametnal
mechanistic studies of roetamperature mangane@én?*) doping of CsPbGIQDsby
employing an automated modular microfluidic platform. ®tiglyis the firstreportof ultrafast
metatcationdopingof LHP QDs at room temperatur€hrough reatime monitoringof the QD
optical propertieswe elucidate the kinetics and mechanisra pbstsynthetic roorrtemperature
metal cation doping process, enabling precise emission progartieg ofMn-doped CsPbGl
QDsthrough inflow concentration adjustments of MnGis the MA* ion sourcelLeveraging the

exceptionatime resolutiorof montoring the LHP QD doping proce&ss low as 60 ms)



enabled by the microfluidic platformve unveila twostage heterogeneous surface doping
mechanism facilitated by vacaneagsisted migration of metal cations. Additionally, widize

the roomtemperaturenetatcation doping chemistry farltrafast continuous nanomanufacturing
of Mn-doped CsPbGIQDs.The results of the first specific aim of this PhD thesis enabled the
development oén automated and modultiow chemistryplatform for reproducible and prise
synthesis of colloidal QDserving as the conghysicalinfrastructureof SDFLs.

The fcond specific aim of this PhD studyilding upon tte progresf the first specific
aim, investigates integration of machine learning with flow chemistry thltaun SDFL for
autonomous development of metaitiondoped LHP QDyia asequentiahalide exchange and
metal cation dopingf LHP QDs using roortemperature chemistrieBy integratingthe
modular flow chemistry platform with Bayesian framework, waenonstrate constructing
digital twin of thetwo-stage halide exchange and metation doping of CsPbBQDs for
fundamental mechanistic studi®gext, we utilize the digital twin as a surrogate mddelon
demand tuning of the LHP QD properties ametatcation doping levelThe developed SDFL
accelerategavigation through the multivariate reaction spaictihe synthesis and metedtion
doping of LHP QDs

In order tofurther enhance the quality of metal catiopedLHP QDs,there exists a
compellng need to explore and establish flow chemistry synthetic routes operating at high
temperaturesThus, he thirdspecific aim of this PhD thesis focuses on the establishment of an
SDFL for onepot hightemperature metadation doping of LHP QDsn the thrd specific aim
of this PhD thesis, we unveil Smart Dofieat isa self-driving fluidic lab forautonomousigh-
temperature synthesis, development, and manufacturimgllafcationdoped LHP QDs.

Notably, Smart Dopanarks the firstn-flow multiple impuity cation doping of LHP QDs



operating at higheactiontemperatures. Through convergence of reliabigitu spectral
characterization, higkemperature ikilow QD synthesis, high throughput-ftow screenings,

and closedoop autonomous experimentatiamg presena homogeneous inward diffusion

doping mechanisraf multi-cationdoped LHP QDsLeveraging the capabilities ofrfartDope
including automated process operation and machine leaassigtedxperimeniselection we
successfully identyf the opimal synthetic route of mukcationdoped LHP QDgxhibiting the
highest photoluminescence quantum yredorted to date (158%). We further demonstrate the
knowledge scalability of the autonomously discovered synthetic route by SDFL for continuous
manufaturing of highperforming multicationdoped 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 @eloped SDFL technology for accelerated mechanistic studies,
synthetic route disaery, optimization, and olemand continuous manufacturiofemerging
advanced energy materialthese advanced-ftow strategies and platforntgve great
potentials taopen up new avenues for the design and synthesis of sewgconductor
nanocrystad with tailored optoelectronic properties, paving the way for their widespread

application inadvancednergy anghhotonictechnologies.
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CHAPTER 1: Background and Motivation on Flow Synthesisof Metal Halide Perovskite
Quantum Dots
1.1 Introduction
Since their discovery in 20¥9ead (Pb) halide perovskite quantum dots (PQDs) have
gained significant attention for a wide range of applications@ngy and chemical technologies,
including photovoltaicé.® light-emitting-diodes’ ® displays!® lasers'! photocatalysis'?  and
photodetectors® As a new class of quantum dots (QDs), Pb halide PQDs énhibited
outstanding performance in the field owing to their unique sird compositiordependent
optoelectronic properties, including narrow photoluminescence (PL) bandwidth, high mobility
and long diffusion pathlength of charge carriers, and-ne#éy PL quantum yield
(PLQY>95%)116 20
The relatively highiPLQY and optical absorption of Pb halide PQDs are mainly attributed

to their defectolerant crystalline structure combined with high mobility of charge carriers which
diminish the possibility of nomadiative exciton recombinatidrt¥ 2> Pb halide PQDs can be
broadly categorized into two groups of fullyorganic and hybrid organiaorganic PQDs with
the common formula of APeXin which A represents monovalent organic/inorgartions
(e.g, cesium (Cs), formamidinium (FA), methylammonium (MA), or a mixture of cations), and
X represents halide anions (@r, I, or mixed halides). In their threBmensional perovskite
structure, Pb and halide ions form a network of ceshared octahedra, [Pl in which the
voids created by the [Plgknetwork are filled with Asite cations (Figure-1).252” Moreover, to
maintain the stability and symmetry of the perovskite structures, the choicsitef éations (or
mixed cations) must meet the size restrictions determined by the Goldstbieiance factor

(0.8-1)?5%0 and the octahedral factor (6048) 26 In contrast to conventional chalcogenide QDs,



Pb halide PQDs possess superior optoelectronic propestigsh{gh PLQY, facile andgap
tunability, narrow PL bandwidth) and processing versatiétg(simpler solutiorbased
synthesis, lower manufacturing costs) without an additional electronic surface passivation
layer17:23:31

To obtain high crystallinity and unveil the quanteonfined properties in Pb halide
PQDs, two solutiotbased synthesis approaches arermomly used in batch reactors} kot
injection method andi{ ligand-assisted reprecipitation strategy (LAR3)n 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 saeb optoelectronic propertiéss3
Conventionally, batchi.g., flaskbased) reactors have been utilized for fundamental and applied
studies of collalal QDs. However, the fast formation kinetics of Pb halide P&dsay result
in batchto-batch variation, prolonged experimental times (heat up/cool down delays), size
broadening in as synthesized PQDs, and taogde manufacturinglifficulties in batch
reactors’® 37 Furthermore, nomniform he&and mass transfer rates, irreproducible/uncontrolled
mixing times, and lack of accessitssitu 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 wellcésation and growth
pathways™ 37 Additionally, due to the PQD size broadening phenomenon observed in batch
reactors, typically mulistage size selective purification/separation stepseggred to achieve
highly monodisperse QDs for characterization purposes.

The fast nucleation and growth kineticsRif halide PQDs* requires meticulous control

over the massive colloidal synthesis parameter space to achievguaigly Pb halide PQDs



(i.e., high PLQY and narrow size distribution) with applicatgpecific optoelectronic

properties. Recently microscale flow synthesis strategies have been successfully utilized as a
reliable/reproducible synthesis technique for accelerated fundamedtappled studies of Pb
halide PQDs$%°2 The microscale flow synthesis field typically deals with studies of sigle
multi-phase chemical reactions in mieoy milli-fluidic channel$¥ > Microscale flow synthesis
systems are characterized by low ReynoRis tumber (Equation-1) and are mostly in th

laminar regime:
(YQ —) (Equationl-1)

where” lHHOhand- represent fluid density, flow velocity, channel diameter, and fluid
viscosity, respectively. Figure llillustrates an overview of #low synthesis and
characterizatiof 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 (Figurel}, including a precursor formulation module Jaxf synthesis
module (.e., microfluidic reactor), and an-situ diagnostics module (inset of Figurell
Microfluidic reactors offer several distinct advantages compared to batch reactors for Pb halide
PQD synthesisi) enhanced heat and mass transdégs (process intensificationi,) (rapid and
controllable precursor mixing timdiji{) precise process control via automatiown) (educed
reagent consumption while minimizing waste generation for exploratory studies of RQIDs, (
situand realtime PQD characterizatiorvij high-throughput experimentation, andi{
accelerated parameter space mapping and optimiZ&tt624>495565% Consequently,
microscale flow synthesis platforms enable tinmeaterial, andcostefficient exploration and
development of Pb halide PQPs°Microscale flow synthesis platforms can also be employed

for the elucidation of complex nucleation and growth mechanisms underlying the formation of



PQDs. In addition to fundamental studegsormation of PQDs, flow synthesis strategies can be
applied towards continuous manufacturing of higfality PQDs with applicatioguided
physicochemical and optoelectronic propertfes.
The precursor chemistry, colloidal synthesis, fgystthesis modificationsand optoelectronic
properties of Pb halide PQDs have previously been discussed in multiple excellent
comprehensive review articlé¥Y %6 Moreover, the gegral characteristics of microfluidic
reactors for synthesis of solutipmocessed nanomaterials have been previously reported
elsewheré’ 3

In thischapterarticle, we specifically focus on the rapidly growing microfluidic studies
of Pb halide PQD¥ 2 and provide insights into how modular flow synthesis platforms ca
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 secli@) we discus 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 synithesis,
situ characterization, postyrthesis 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 hopétiis studyaccelerates the
adoption offlow 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 lllustration of kirlow Synthesis and Characterization of Pb Halide PQDs.
The illustration provides a schematic of a tplvase flow synthesis platform for controlled
synthesis of Pb halide PQDs with precursor formulation, flow synthesignasii diagnostics
modules. The inset shows physicochemical and optoelectronic pespErPb halide PQDs that
can be obtained through-gitu absorption and PL spectroscopy.
1.2 Microfluidic Colloidal Synthesis
1.2.1Flow Format Matters: Single- vs. Two-phase Flow Synthesis

Singlephase flow material synthesis is the simplest formodbal synthesis and is
normally sought after due to its relative design simplicity, ease -@fpsetnd flow uniformity for
multi-step sequential synthegf$8? However, inflow synthesis of Pb halide PQDs utilizing
microscale singkphase flow format imposes two major drawbacks, nameé/} dispersiof®

and fouling®* Axial dispersion in laminar flow is a fluid phenomenon characterized with a

parabolic velocity profile (top channel, inset of Fig@ir2), where the PQD monomers are fion



uniformly distributed radially and axially within the micr@sinel, thereby resulting in variable

PQD growth rates along the flow direction. The dominance of axial dispersion ingirage

flow synthesis constrains the mass transfer rate due to the slow diffusion rates, resulting in broad
residence time distribuths® making it challengig for characterizing reactions with fast

kinetics €.g, Pb halide PQD synthesis). Furthermore, when utilizing siplgése flow format,

the speciesg.g, PQDs) near the microchannel wall reside longer in the flow reactor than the
ones closer to the centef the microchannel (parabolic velocity profif€$® 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 wih the microchannel walls in the singlbase 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 singlaase flow format for synthesi$ eolloidal PQDs can

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

phase flow (inset of Figurk-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 singihel twephase flow formats.

The introduction of a second phase results in the formatierigfmmetric recirculation
zones that induce chaotic advection (enhanced mass transfer rates) inside the moving plugs or
slugs {.e., the readve phase containing the PQD¥éf8resulting in narrowed residence time
distribution® The type of the carrier phades(, inert fluid immiscible with the PQD mixture)
and the surfee force balance on the microchannel walls can result in formation of plugs (middle
channel, inset of Figure-2) or slugs (bottom channel, inset of Fig@if2) containing the PQD
mixture. The choice of the carrier phase fluid (gas or liquid) in theptwse 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



remove the contact between the reacti@DRphase (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 tgmaratures can lead to increased PQD solvent miscibility with perfluorinated
oil.8 It has also been demonstrated that stable and uniform microscdiguigélow can be
achieved over a larger rangeREnumber&®*°than liquidliquid flow.8°* Moreover, the gas
liquid flow format does not require an additional segian 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 gapiid flow synthesis format, it suffers from the presence of a
lubrication film around the ggshase that connects two successive reactive liquid $fd§3he
presence of the lubrication film might lead to small axial dispersion (significantly lower than
singlephase 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 fiyid (
perfluorinated oil) that completely separates the reactive PQD mixture (liquid plug) from the
microchannel wall can address the potential axial dispersion and foulireg issgadiquid flow
synthesis strategies.
1.2.2Flow 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 aalniver
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 iflow synthesis of PQDs can be divided into two categoneass transfer and

fluid dynamics design parameters, shown in FiguPe Mass transfer design parameters include



chaotic mixing timetthaoti), Damkohlemumber Da), andPecletnumber Pe). Mass transfer
parameters define the intdroplet mass transport dynamics, ranging from precursor mixing
efficiency to mass transf@ontrolled reaction kinetics. Fluid dynamics design parameters,
includingWebemumber We, Capillary number Ca) andBondnumber Bo) provide an
account of how the liquid phases interact with each other and the microchannel wall.
1.2.3Mass Transfer Design Parameters

When designing a microscale flow synthesis platform for controlled synthesis of Pb
halide PQDs, one of ghimportant parameters that needs to be considezal ishichrelates
the reaction rate to diffusion rate of precursors (Figetg*-%In the absence of rate
information,Da can also be represented as the ratio of diffusion time to the reaction time.
Diffusion time ¢qir) canbe calculated using Equatior?Z°and provides a good approximation
for radial mixing across the microchannel wall in a sifgii@se flow system operating in the

laminar regime.
0 —_ (Equationl-2)

wheretpir is diffusion time x is the characteristic diffusion length, abgs is the
molecular diffusivity.Da can be used to explain the characteristics of PQD synthesis in flow. For
Da< 1, the PQD synthesis iperating in a reactichmited 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 resultingCRQLs.
is the desired range to conduct PQD synthesis for accurate mechanistic and rate determining
studies® In contrast, wheia > 1, the PQD synthesis is considered tarass transfelimited,

or the mixing rate is not high enough to keep up with the fast formation kinetics. One of the



causes foba > 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 correspondindXa> 1 is unfavorable since it can resulan
inhomogeneous synthesis environment and leads to inhomogeneity in the resultindpRQDs.

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 citses 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 reacti@ssel or using smaller reactor dimensions to decrease the
characteristic diffusion length (reducing diffusion time) (Equati&). Two-phase microfluidic
reactors are the case of drastically reducing the reaction vessel dimensions, while providing
enhaned mixing rates inside the moving reactive phase.

Perelates two mass transfer mechanisms in the flow synthesis of PQDs: advection and
diffusion. Typically,Pevalues ranging between %00 is favorable for operating colloidal
synthesis in a microfluidiceactor’® where mixing rates is considered to be fast enough while the
average flow velocity is not excessively high to cause flowungformity and instability.

The characteristic diffusion lengtR) (for singlephase flow can be approximated as half
of the microchannel hydrodynamic diameter. However, invase flow synthesis strategies,
due to the formation of the recirculation patterns, the valxgeduces to a quarter of the
microchannel hydrodynamic diameter. ThiDg,andPevalues correspondg 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 singlease flow.
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The mixing time inside the reactive liquid plug (or slug) moving within a microolia
can be approximated using chaotic mixing timaedsi9 equation which represents the
effectiveness of serpentine microchannels in enhancing mixing rates within the reactive liquid
plugs®’®"%8|n order to achieve the desirBé regime while operating PQD synthesis in flow,
care must be taken to enstyiRoticis fast enough such that the synthesis is operating raler
1. The mixing rates within the reactive plug (or 3logn be enhanced by) (ninimizing the
slug/plug length by manipulating the flow rate ratio of the two phasgseducing the
microchannel hydrodynamic diameter, anig {ncreasing the average flow velocity.

Rational design of microscale flow synsiestrategies 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 FigRirthere are many design
variables that affect o mass transfer and fluid dynamics design parameters. Thus, reasonable,
optimal values should be attained for hignality and reproducible flow synthesis of PQDs. For
example, increasing the flow velocity enhances mass transfer rates Qlawedtchaotc, higher
Pe), but it also affects bottWeandCathat are crucial to obtain a uniform, stable {plase
flow.
1.2.4Fluid Dynamics Design Parameters

Carepresents the effect of viscous forces in relation to the surface tension between two
immiscible fluds (liquidliquid, gasliquid). Bo, also referred to @étvdsnumber, provides an
indication of how dominant gravitational forces are relative to surface tension forces. Generally,
to maintain and achieve a stable tplvase flow, viscous and surface temsiorces should
dominate the gravitational and inertial forces which is reflect€zhiandBo values less than

0.01 in circular microchannefd Cavalues higher than 0.01 (increasing the flow velocity or
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fluid viscosity) leads to undesirable annular flow format in most cda¢sues ofBo are more
flexible thanCa, and can be increased as high as 0.3, while achieving stabphase flow.
However, increasingo values close to le(g, by increasing the microchannel diameter), causes
the lubrication film around the reactive PQD plugs to break due toajhlece pressure gradient
around the liquid plug that arises from increased effect of gravitational forces as the
characteristic length scale increa¥®3Verelates the fluid inertia to surface tension and is
mostly used for twaphase flow system$Veis crucial for the stdb formation of PQD plugs (or
slugs) in twephase flow synthesis, whevée< 1 should be maintained in order to prevent a
jetting flow.1°%192For We> 1, the inertial forces become dominant which hinders stable plug
formation and leads to jettirt§*1%?
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 discusssita diagnostics
toolkit currently available to flow synthesis platforms for htbhoughput screening and
accelerated synthesis science studies of Pb halide PQDs. The last part of this section will be
devoted to the recent efforts in leand hightemperature flow synthesis of Pb halide PQDs,

summarized in Figuré-3.
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Figure 1-3. Sunmary of Recent kFlow Synthesis Science Studies of Pb Halide PQDs. The
colored boxes imply that the specific parameter was included in the corresponding studyl. o w 0
and AHigho refer to synthesis temperatures | o
1.3.1Flow System Components

A typical microscale flow synthesis platform consists of four essential components,
including (i) precursor feedinge(g, syringe pumps, pressudeiven pumps)(ii) fluidic routing
(e.g, tubing, fluidic connections, fittos, valves)(iii) passive or active micromixers, aid)
precursor and flow reactor heatirggd, heating jackets, coils, oil bath) modulessitu PQD
characterization module (g, PL and U\Vis absorption spectroscopy) is an optional
component thatan be readily integrated with microfluidic react®d$"-"2A comprehensive
review of different available precursor delivery mechanisms and micromixers are provided
elsewheré?

Microfluidic reactors can be classified into tube/capilbased and micrabricated

reactors. Both types of microfluidic reactors have been utilized for the flow synthesis of Pb
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halide PQDS8 454751.56103105 T he and capillarpased mimfluidic 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 footprife.g, intensified mixing, rapid muHlprecursor
injection)35:53:58106,107

Microfabricated flow reactors, utilizing reactive etching oditide manufacturing
techniques, provide a compact design, but are more expensive than capilldvgdatidlow
reactors and in case of fouling/clogging might have to be replaced with a new reactat.P¥ et
utilized additive manufacturing (3D pringrusing methacrylate photopolymer resin) to fabricate
a microfluidic reactor for the continuous synthesis of hybrid orgaaiganic Pb halide PQDs
(methylammonium Pb halide, MAPBXwith tunable size and emission colors. The flow rate of
precursors andapillary diameters were adjusted in order to maintain identical growth
environment for the PQD monomers during the supersaturation step.

Compared to microfabricated flow reactors, tube/capHlayed flow synthesis reactors,
owing to their ease of reacteplacement and flexibility have been more widely utilized for the
in-flow studies of colloidal Pb halide nanostructures, including PQDs, nanowires, and
nanoplatelets (NPLSF 4547:48.5056,.10305 Eor example, Zhang et.>? developed a tubbased
flow reactor for the rapid synthesis of quantoomfined cesium lead bromide (CsPEBr
nanowires. Polytetrafluoroethylene (PTFE) tubing with artledfshelf Y-junction micromixer
was utilized to achieve controlled flow synthesis of CsBbBnowires? In adifferent study,

Wei etal.1% used a capillaspased flow reactor with a flofocusing geometry for the
continuous flow synthesis of fulyhorganic Pb halide PQDs. The flow synthesis of Pb halide

PQDs in this study was based on a fimguced phase sefion strategy triggered by the
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polarity difference between the precursor solvent (dimethylformamide) and the reaction solvent
(isopropanol)}®* A detailed discussion of the different microscale flow synthesis platforms
developed for higlthroughput screeng and fundamental studies of Pb halide PQDs is provided
in Sectionl1.3.3
1.3.2In-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 synthesisestraiteq
for facile integration of multimodah-situ diagnostic modules with the fluidic microreactor
(inset of Figure 41). Integration ofn-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 materiaintensive conventional offne characterization
techniques. Sucim-situ diagnostic modules enable access to the important optical and structural
characteristics of the PQDs synthesized in flow-\¥ absorption and PL spectroscopy are the
most utilizedin-situ characterization techniques that provide valuable insighdghe properties
of in-flow synthesized colloidal PQDs (inset of Figur&)l Recently, timecorrelated single
photon counting (TCSPC) has also been added to the diagnostic toolkit available to microscale
flow synthesis platforms (Figure4).2>4"51Figure 4 shows an exemplary set of PL (FigL#A
and1-4D) **°land absorption (Figure-4B and1-4E)“*°spectra as well as PL decay (Figtre
4C)* and PLQY (Figurel-4F) ! of in-flow synthesized Pb halide PQDs, acquired thrangh

situ diagnostic mdules.
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Figure 1-4. Examples ofin-situ PL, Absorption, and Fluorescence Lifetingpectroscopy
Modules.(A) High resolution PL and (B) absorption spectra of Pb halide PQDs over the course of
room temperature halide exchange reactions (optical spett@ sthrting CsPbBQDs is shown

in black). Both reproduced with permission from Abtatif et al.*> Copyright 2019, WILEY

VCH. (C) PL decay of CsPyXReproduced with permission from Lignosaet’ Copyright 2019,
American Chemical Societin-situobtained (D) PL and (E) absorption spectra of CsPBQDs

in a twophase flow reactor. (F) Aénabled construction of CsPpRareto front through halide
exchange reactionReproduced with permission froEpps etal.>* Copyright 2020, WILEY¥

VCH.

The peak emission energy (or wavelength) corresponds to the emission color of the Pb
halide PQDs (inset of Figure1). The fulkwidth-at-half-maximum (FWHM) of the PL spectra
is an indicator of the homogeneitf/PQD size or composition; a harrow FWHM is indicative of
a homogenous distributidf® 1% Interquartile range can be used as a substiartFWHM for
multimodal fluorescence peaf.
Thein-situ measured absorbance at a specific energy (or wavelength) in combination
with the BeeiLambartlaw® 6 0, where ¥ is t he mGphpsstheexti nc
PQD concentration, andis the light pathlength in the microchannel) can be utilized to calculate

the PQD concentration. In order to calcul@tepin a flow reactor under different synthesis
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conditions, accurate values'gfindependent of the PQD size are required. Ded®ab!*! have
reported the experimentally measured valuéesfof cesium lead bromide (CsPRBPQDs by
complementing the UWis absorpion spectra with inductively coupled plasma mass
spectrometry. Furthermore, the first excitonic peak energy obtained from the absorption spectra
of PQDs (inset of Figure-1), in combination with the effective mass approximation equation,

can be utilizedo calculate the size of PQDs synthesized in flow for each synthesis coldifion.
The correlation between the first excitonic peak and the PQD size can also be established
through a series of UV¥is absorption spectroscopy measurements complemented with
transmissia electron microscopy (TEM) measurements.

Absorption and PL spectra of PQDs obtaiireditu, can also be utilized for quality
assessment of the in flesynthesized PQDs through PLQY calculation. PLQY of PQDs
indicates how efficient the synthesized nagetals 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, fluorescefetere (FLIT) measurement
of PQDs can also be integrated with microscale flow synthesis platforms. Recently, TCSPC
technique has been successfully integrated with a microfluidic reactor, further expanding the
availablein-situ diagnostic capabilities ahicroscale flow synthesis platforms for accelerated in
flow studies of PQDs. TCSPC can be utilized to reliably measure PLQ ¥flofarsynthesized
PQDs irrespective of the sample concentration.

FLIT, enabled by TCSPC, provides an additional avenue tosagseguality and
optoelectronic properties of Pb halide PQDs. Merponential and mukexponential decay

behaviors correspond to high and low PLQY values of QDs, respectiélyIT also provides
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valuable insights into the stability of Pb halide PQDs, where surface defects and aging alter their
PL lifetime 13 Surface traps result in fast irreversible sradiative 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 rétGfurthermore, 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-shiéidn the transient PL spectra

and results in longer PL lifetime due to the builulof electrons in the deepest statéd!®

However, segregatd@lQDs should hamper carrier migration and minimize the number of deep
traps, resulting in short PL lifetimé¥: Lignos etal.*’ were the first to integrate FLIT with a
microscale flow synthesis reactor as a diagnostics tool for accelerdted istudies of CsPbX

(X =Br, 1) PQDs. FLIT exhibited a strong correlation with Pb:Cs ratio for all halide
compositions tested. Uizing thein-situ FLIT measurement, it was reported that the average
lifetime of CsPbd PQDs decreased upon increasing the Pb:Cs ratio, while an opposite behavior
was observed for CsPhBiFurthermore, the effect of temperature on the FLIT of Pb halide
PQDs was studied. It was observed that the FLIT of CsPBBIDs 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 saioe Wwab
observed for CsPpPQDs. The type of halide used had a significant effect on FLIT where
heavier halides resulted in longer FLITs due to the Fermi goldeh!fuldjle lighter halides

(and smalktr PQDs) exhibited shorter FLEF’ However, the authors were cautious to point out
that longeiin-situ measured FLIT of Pb halide PQDs with heavier halides mighisbe a

explained by the formation of metastable charge separated”Stdfes.
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1.3.3Microscale Flow Synthesis of Pb Halide PQDs

Microscale flow synthesis platforms provide unique capabilities for reproducible and
high-quality synthesis of colloidal Pb hdé PQDs under a precisely controlled reaction
environment. The kilow synthesis of Pb halide PQDs can be broadly classified into two
synthesis approachg$) high- and(ii) low-temperature synthesis, shown in Figit®. Both in
flow colloidal synthetiaoutes are discussed below.
1.3.3.1Pb Halide PQDs: HighTemperature Synthesis

High-temperature, heatp synthesis, has been utilized as the most common approach for
the inflow synthesis of Pb halide PQD%#4143444\icroscale flow synthesis of Fimlide
PQDs was first introduced, in 2016, by deMello and Kovalenkb. €€ where a twephase
microfluidic reactor integrated with a multimodatsitu diagnostic probe (PL and UVis
absorption spectroscopy) was utilized for the controlled synthegiflyoinorganic Pb halide
PQDs (Figurel-5A). The heaup 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 tempature, followed by rapid Hilow 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 thdafserd reaction
temperaure. Utilizing the developed microfluidic platform, the large colloidal synthesis
parameter space associated with Pb halide P@Dsreaction temperatures, residence times,
Pb:Cs and Ph:X molar ratios) was rapidly explored across the reaction tirresrgetature
ranging from 0.1€0s and 120°@00°C, respectively. The mapped parameter space of Pb halide
PQDs was then utilized for controlled synthesis of CSHRQDs across the visible spectrum.

Cesiumoleate {.e., C9COs salt and oleic acid (OA) diss@d in 2Octadecene (ODE)) and
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PbX: (i.e., PbX salt, OA, and oleylamine (OAm) dissolved in ODE) were used as the PQD

precursors.
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Figure 1-5. Microscale Flow Synthesis Platforms for Higdnd LowTemperature Synthesis of
Pb Halide PQDs. (A) A twghasemicrofluidic platform equipped witin-situ PL and U\Vis
absorption spectroscopy module for higimperature flow synthesis of fullporganic CsPbX
PQDs. Reproduced with permission from Lignosae® Copyright 2016, American Chemical
Society. (B) The microfluidic platform from panel (A) integrated with TCSPC module for
measuring PL lifetime of the iflow synthesized CsPXPQDs. Reproduced with permission
from Lignos etal.*” Copyright 2019, America€hemical Society. (C) A twphase microfluidic
platform for screening the interactive effects of temperature and ligand ratio on the optoelectronic
properties of Pb halide PQDs. Reproduced with permission fromali*Copyright 2020, The
Royal Societyof Chemistry. (D) Lowtemperature flow synthesis of CsPBBQDs in a modular
microfluidic setup integrated with translationatsitu spectral diagnostic module. Reproduced
with permission from Epps edl.>*® Copyright 2017, The Royal Society of Chemist(E)
Schematic illustration of the microfluidic platform for lee@mperature flow synthesis of MAPbX
PQDs. Reproduced with permission from Liangakt? Copyright 2018, The Royal Society of
Chemistry.

20



Microscale flow synthesis of Pb halide PQDs was algmnded to the iflow synthesis
of hybrid organieinorganic PQD$%441%3Formamidinium Pb halide (FAPRXX=Br, 1) PQDs
can extend the emission wavelength of PQDs to the near infrared region of electromagnetic
spectrunt? Maceiczyk etal.*® adapted th two-phase microfluidic platform developed by Lignos
etal.®® for accelerated studies of colloidal synthesis of FAPB®RDs. The reactive liquid plugs
formed at room temperature were continuously flown into the heated section of a PFA tubing
with a residace time up to 9 s while the temperature was adjusted between room temperature to
120°C. With highly tunable solutieprocessing offered through flow synthesis, the effect of FA
and Pb halide precursors on the optoelectronic properties of-tlosvisynthesized FAPbX
PQDs were rapidly explored-situ and provided mechanistic insights into the crystallization
pathways of FAPbXPQDs.

The structural stability of Pb halide PQDs can be further improved through incorporation
of secondary monovalent cationsdahalides into the pristine Pb halide PQDes, multinary
PQD structures composed of mixeesite cations and halidé$A combinatorial screening of
quinary PQD composition, (SA1xPb(Bryly)s, was carried out in a twphase microfluidic
platform fora reaction time and temperature ranging from 0.28 s and 25 °C 130 °C,
respectively** FA-oleate, Coleate and two separate Pb halide precursor solutions were utilized
as the Pb halide PQD precursdrssitu diagnostics coupled with-Xay 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 smal and largesize 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 multinagfiéé h
PQDs*

The time and temperaturdependent emissive properties of fuliprganic Pb halide
PQDs were studied in flow utilizing a microfluidic platform integrated witlnasitu TCSPC
module (Figurel-5B).4’ The average lifetime of the-fitow synthesized Pb halide PQDs was
varied between 5 to 42 ns through tuning the precursor ratios (Pb:Cs and Br:l ratios).

One of the key components enabling haglality and controlled synthesis of Pb halide
PQDs is the structure and concentration of surface egpigiands €.g, carboxylic acids, alky!
amines, phosphonates, or quaternary ammonitfivicroscale flow synthesis stegies 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,-apéatv synthesis
approach was employed within a twbase microfluidic reactqfFigure1-5C) for rapid
evaluation of the effects of ligand structure, binary ligand ratio (alkyl amines to carboxylic acid),
and reaction temperature on the quantanfined properties of CSPBEPQDs*® Through
systematic variation of the ligand stru@uytinear and branchdidands), the interactive effects
of binary ligand ratios and reaction temperature on the resulting PL characteristics of:CsPbBr
PQDs were explored.

Overall, hightemperature flow synthesis can lead to manufacturing of Pb halibs PQ
with high crystallinity and phase stabiltyHowever, 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 micrafluebctors is obtained.
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1.3.3.2Pb Halide PQDs: LowTemperature Synthesis

As mentioned previously, lowemperature colloidal synthesis strategeg(LARS) can
also be employed for highuality synthesis of Pb halide PQBJ$'24>485¢Epps etl.>® developed
a modular microscale flow synthesis platform, shown in FigtsB, integrated with a custom
designed, multimodah-situ diagnostics module for accelerated colloidal synthesis studies of
CsPbBg PQDs at room temperae. CsPb and bromide precursors were mixed using either an
off-the-shelf T-junction or a custordesigned fouway junction to study the formation of
CsPbBg PQDs in singleand twephase flow regimes, respectively. Furthermore, the
translationaln-situ diagnostics module enabled decoupling of the flow veledéyendent
mixing rates and residence times within the flow reactor. Utilizing the fully automated modular
flow synthesis platform, kinetic tunability of CsSPRBIQD synthesis within twphase flow
format was demonstrated. In a different ftamperature flow synthesis study, Liang et?al.
utilized a singlephase flow format (Figurg-5E) for controlled synthesis of MAPRX®QDs
(X=Br, I). Pb halide precursor (PbXX=Br and I, dissolved in ODE, OA, and OAm) and MA
halide precursor (MAX, X=Br and I, dissolved in a mixture dfutanol and ODE) were
continuously delivered into a-jlinction micromixer to form a singlghase flow reaction
mixture flowing into a PTFE ting at 30C. Despite the relatively low reaction temperature,
MAPDbX3 PQDs were formed within a few seconds after the mixing stage-t&xmperature
synthesis generally produces PQDs with low crystallinity and phase stability compared to the
high-temperatue synthetic routes. However, they offer the advantage of facile selution

processing versatility in microscale flow synthesis platfdfms.

23



1.3.4PostProcessing of Pb Halide PQDs in Flow: Halide Exchange Reactions

Reversible possynthesis halide exchangeactions using halide salts offer a facile
processing route to precisely tune PQD optoelectronic prop&tties®1?°For example, gradual
replacement of bromide anions in CsPHBQDs with chloride or iodide anions will change the
PQD bandgap (emission color), resulting in a bared redshift, respectively. The extent of the
halide exchange reaction within the PQD dw®iees the final emission color of the resulting
PQD. Utilizing the parent CsPbBPQD with a sizedependent peak emission wavelength
ranging from 460 nm 520 nm?! peak emission color can be readily tuned over the entire visible
spectrum (40700 nm)}’ Microscale flow synthesis strategies witksitu 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 envittfiment

AbdelLatif etal.*® developed an automated modular flow synthesis platform for
accelerated Hilow studies of halide exchange reactions of fuigrganic Pb halide PQDs. The
developed gatiquid two-phase flow synthesis platform was comprised of a psecu
formulation module, a novel static micromixer, a tid@sed microreactor (fluorinated ethylene
propylene, FEP), a translationatsitu diagnostic module adapted from Eppsiet’ and an
optical flow velocitymeter for accurate residence time measems (Figured-6A). Utilizing
the multimodal, translationab-situ diagnostic module, highesolution PL and UWis
absorption spectra of Pb halide PQDs throughout the halide exchange reaction were obtained at
76 distinct points along the flow reactomasponding to different halide exchange reaction
times (Figurel-4A and1-4B).

Epps etl.>! developed a highlynodular and adaptive microscale flow synthesis

platform for intelligent exploration of halide exchange reactions of-falbyganic Pb halide
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PQDs with a multimodah-situ diagnostic module (PL and UVis absorption spectroscopy).
The developed twphase flow synthesis platform (liguidjuid) enabled computerontrolled
access to various concentrations of all halide exchange reaction precursading the starting
CsPbBg 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 (Figuré-6B).

Kang etal.*® leverayed the rapid heat transfer rates of ¥mse flow synthesis strategies
for in-flow studies of higitemperature PQD halide exchange reactions. The developestag®
flow synthesis platform (Figure-6C) consisted of two tubleased flow reactors for the
controlled synthesis of CsPhEPQDs within the first flow reactor, followed by sequential halide
exchange reactions in the second flow reactor at 150 °C. Utilizingase flow format, ODE
as the reactive phase solvent, and perfluorinated oil as ther gdrase, ensured excellent heat
and mass transfer rates within the flow synthesis microreactor, resulting iguadity halide
exchanged Pb halide PQDs. The developed flow synthesis platform was then utilized to study the
effect of halide salt ratictthe parent CsPbBPQDs on the optoelectronic properties of the

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

Pb Halide PQDs. (A) Schematic of the automated modular ruatf platform equipped with a
passive micromixer, translational-situ spectral monitoring probe, and optical fluid velocity
meter. Reproduced with permission from Abtatif et al.*> Copyright 2019, WILEYVCH. (B)
Schematic illustration of the moduldiuidic microprocessor for intelligent exploration and
screening of PQD halide exchange reactions. Reproduced with permission from BEpps et
Copyright 2020, WILEY¥VCH. (C) Schematic illustration of the twsiage flow synthesis platform
developed for antrolled sequential halide exchange reactions of Pb halide PQDs. Reproduced
with permission from Kang etl.*® Copyright 2020, Elsevier.
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1.4 Accelerated Fundamental Studies of Pb Halide PQDs in Flow

The major family of Pb halide PQDs studied using micates flow synthesis strategies
are CsPbX(Figure1-7A-C) 38394852 MAPbX; (Figure1-7D),*? FAPbX; (Figure1-7E),**#tand
the multinary C&A1xPb(Br.yly)s (Figure1-7F) PQDs344The key experimental parameters
controlling the physicochemical and optoelectronic properties of Pb halide PQ@s are
synthesis temperatur@i) Pb:A ratio,(iii) Br:Cl/I ratio, (iv) surface capping ligand structure, and
(v) precursor conversion rateg(, 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 le@ nucleation and growth of PQEs?! Size and
temperature are directly correlated, where increasing the colloidal synthesis temperature results

in larger PQDs, causing a rsdift in the peak emission energy. However, the effect of
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temperature is not as straightforward for tHeeotPQD properties, such as FWHM, PLQY, and

reaction yield.
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Figure 1-7. In-Flow Synthesis Science Studies of Pb Halide PQDs Utilizm&itu PL
Spectroscopy. (A) PL spectra of CsRX=Cl, Br, I) PQDs spanning the entire visible region.
Reproduced with permission from Lignosatf® Copyright 2016, American Chemical Society.

(B) Fluorescence image of a gaguid two-phase flow utilizing argon and toluene containing
CsPbBg PQDs wih their corresponding PL spectra. Reproduced with permission from Epps et
al.®® Copyright 2017, The Royal Society of Chemistry. (C) PL spectra of CsFBDs as a
function of the total average flow velocity. Reproduced with permission from Keat.%et
Copyright 2019, The Royal Society of Chemistry. (D) PL spectra of MARKXBT, 1) PQDs
synthesized in flow. Reproduced with permission from Liaraj.&t Copyright 2018, The Royal
Society of Chemistry. (E) Emission spectra of FAPb(CYBQDs spanning thbluegreen region
which is representative of transition of nanoplatelets to nanocrystals. Reproduced with permission
from Lignos etal.** Copyright 2018, American Chemical Society. (F) PL spectra exhibiting the
possibility of synthesizing Pb halide PQDghe form of multinary G&A1 i Rb(Bn 1 ly)s that can

emit in the neainfrared region. Reproduced with permission from Ligncd.& Copyright 2018,
American Chemical Society.

The effect of synthesis temperature on the emission wavelength of fuijyamo Pb
halide PQDs was studied-flow by Lignos etal.,>® where the optimal reaction temperature
range for synthesizing higluality Pb halide PQDs (25 nm < FWHM < 45 nm) was found to be

from 140°C and 200°C. It was also demonstrated that the emigsgwelength increases with
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increasing temperature. In a different stddytilizing a microscale flow synthesis platform, it

was demonstrated that the synthesis temperature has a more profound effect on the optical
properties of CsPbBPQDs 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 el.,*° utilizing a highthroughput microfluidic synthesjgatform,
observed that for FAPgllower synthesis temperatures favored the formation of NPLs, which
was attributed to the decreased solubility of the chemical precursors in the $8f#ém.

addition, it was observed that higher synthesis temperatures diminished the tuning capability of
the peak emission energy of FAPb(Bs/Utilizing a similar flow synthesis platform, Lignos et
al.*! studied the effect of reaction temperature on the colloidal synthesis of FAPb{Bv@&iye

the optimal synthesis temperature (minimum FWHM) for all Br:Cl ratios was identified to be
130°C. Lower synthas temperatures resulted in broad PL spectra, while higher synthesis
temperatures led to PQD decomposition. In a different sttty effect of reaction temperature

on the flow synthesis of the multinary€#&1.xPb(Br.yly)s PQDs was explored. Over thenge

of temperatures tested (252@30°C), a FAPklemission 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, Haertoarporation of Cs into

the PQD structure. TEM imaging was employed to rule out the size dependesihifiloé the
multinary PQDs. At synthesis temperatures higher than 110°C, a PL peak appeared at 700 nm,
which was attributed to CsPbIThe optimize range of colloidal synthesis temperature (50°C
90°C) obtained rapidly by the automated microscale synthesis platform was then utilized for the

subsequent Hilow screening studies.
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1.4.2 Pb:A Ratio

Pb:APrecursor ratios play a major role in the colloidal synthesis of Pb halide PQDs. For
example, the competition between FA$e cation) and OAm, due to its acidilintroduces
additional dynamics into the growth pathway of FARIX= Br, CI, 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. ®tutilized a twephaseliquid-
liquid microfluidic platform to explore two different approaches of controlling FA:Pb ratio on
the colloidal synthesis of FAPRXX= Br and I) PQDs. In the first approach, FA concentration
was changed relative to Blgioncentration, while in the sead approach, all three ion
concentrations were decoupleg ( the concentration of FA was changed relative to both Pb and
| concentrations, separately). The former approach revealed that decreasing FA concentration in
the FAPDbs synthesis favored therimation 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 spech. A similar behavior was also observed for FARWMEth the only difference being
that FAPbBg was more susceptible to forming NPLs. The latter approach (separating all three
ions) provided more control over the reaction stoichiometry. Low FA and Pertpations
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 etal.*! expanded the study conducted by Maceiczyd.&t and focused on in

flow studies of FAPb(Br/C} The highthroughputn-situ studies conducted with a twahase
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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 $fudpreover, the
rapid exploration of FA:Pb ratio with different CI:Br ratios revealed a stable PL emission along
with minimum FWHM for high FA:Pb ratios {50)*! In another irflow studies of PQDs, it was
found that for a mixed cation Pb iodide PQD . xPbk), at high FA:Pb ratios (>13) the
crystalline structure tends to change from the black to yellow phase within*fh@lrsunability
was also achieved for FA1.«Pbk PQDs with Cs loadings less than 10%. Utilizing a similar
flow synthesis platforni® the optimal Pb:Cs ratios resulting in the smallest FWHM value
(depending on the halide combination) for CsPBXDs was rapidly obtained. The
aforementioned Hilow studies of PIA 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 rol¢he 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 colloids&bs.
Surface capping ligands are usually coupled in anlaase pair to ensure charge neutrality on
the PQD surfac&'12>124The most frequently utilized surface capping ligand pair is the OA
OAm pair. Despite their widespread utilization, the €@\m pair is not optimal for colloidal
synthesis of higiyuality Pb halide PQDs due to their labile nature and tendency to detach from

the PQD surfac& %25 |eading to aggregation and colloidal instability.
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Microscale flow synthesis strategies witthsitu diagnostic capabilities can significantly
acceleratehe library screening and optimization of surface capping ligand composition in
controlled synthesis or pesynthesis halide exchange of highality Pb halide PQDE:45:49:50

Lignos etal.*! explored the effect of addition of free OA to the FAPb(Br/&ynthesis
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 syrnittees

In a recent microfluidic study, Eppsait>® utilized an automated flow synthesis platform
with a tunable precursor mixing time module to provide a comprehensive study of OA effect on
the roomtemperature synthesis of CsPbBQDs. The volumetriaéction 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 CsR#BpDs was monitoreih-situ. It was
demonstrated that at higher mixing times.(slowermixing rates), OA volume had a more
significant impact on the PQD peak emission energy. Moreover, it was observed that reducing
the precursor mixing times €., faster mixing rates) resulted in improved FWHM values, but
worsen PLQY of the kilow synthested CsPbBrPQDs.

In a different study, a twphase microfluidic platform was utilized to investigate the
effect of ligand chain structure (lineas.branched) on the growth of CsPeBQDs*° The
tested ligands in this study included octylamine, octaaoid, 2ethylhexylamine, and-2
ethylhexanoic acid. This study showcased the utility of microscale flow synthesis strategies in
highly efficient studies of a multivariable mutiutput system. Utilizing the developed flow
synthesis platform integrated Wwiin-situ PL spectroscopy, 11 different temperatures with 11

different base:acid ligand ratiod., 121 parameter combinations for each ligand set) were
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rapidly screened. For lineéinear ligand pairs, a small dependence of the median emission
wavelengthon 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 CsPbBrPQDs with a peak emission wavelength of 460 nm. An ofgpteind was
observed at 140°C for CsPRB?QDs 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 thgtl{near ligand comimation exhibited a dependence on
base:acid ratio while the branched combinations exhibited no dependenesin@ branched
ligands restricts controllability over PQD growth or stabilizing small PQDs, where branched
ligands tend to result in larger PQDs

The inflow studies of the impact of the G®AmM pair surface capping ligands was also
expanded to the halide exchange reactions of Pb halide PQDs. Utilizingpaas® flow
synthesis platform, integrated with a multimouhakitu diagnostic module (UWis absorption
and PL spectroscopy), Abdehtif et al.*® studied the impact of OA and OAm on the kinetics
and extent of halide exchange reactions of CsPBBIDs. It was observed that ligand:solvent
ratio had no effect on the equilibrium peak emissionelength of the halidexchanged 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 characteristicof the halideexchanged PQDs. It was observed that OA was crucial for
the colloidal stability of the iodidexchanged CsPbBPQDs due to its role in stabilizing the
PQD structure while chloridexchanged CsPbBd i dndét exhi bit aeneed for
stabilization. Halide exchange reactions with low acid:total ligand ratios resulted in Pb halide

PQDs with relatively low PLQY's, confirming the importance of acid:base ratio optimization
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needed for higiguality Pb halide PQD®:!11:123124yrthermoreacid:total ligand ratio did not
have an effect on the equilibrium peak emission energy of the fedcdenged PQDs.
1.4.4 Halide Composition

The direct implication of changing the halide compositexy(Br:Cl or Br:l ratio) in the
colloidal synthesisfdPb halide PQDs is the change in their peak emission wavelength.
APb(Br/X)s PQDs populated with Cl anions have emission colors in thegsken region of the
visible spectrum (40610 nm), while 4rich APb(Br/X%s PQDs emit in the greered region
(510780 nm). The Br:X (X=ClI, 1) ratio can be manipulated either by changing their ratio in the
starting precursors (ofot synthesis) or through pesgnthesis halide exchange
reactions”4>119120The rapid precursor tuning capability offered by microsdale synthesis
platforms enable fast exploration of the effect of Br:X (X=Cl, I) ratio on the optoelectronic
properties of the iflow synthesized Pb halide PQDs. For example, Lignas. ¥tdemonstrated
in-flow synthesis of CsPe®QDs with PL emission @ the entire visible range (410 nm to
700 nm) by simply varying the ratio between Pb@rd PbX (X= CI, I).

In addition to variation of emission wavelength, several flow synthesis studies revealed
the effect of Br: Cl/I ratio on the PL intensity, FWHMdthe crystal structure of the Pb halide
PQDs?#0414445\aceiczyk etal.*° explored the effect of varying I:Br ratio in flow on the
properties of FAPb(Br/t)perovskite nanostructures, and demonstrated controlled PL spectra
tuning from green to infrare@30 nm790 nm, FAPbBrFAPDL, respectively). It was observed
that low iodide Ke., Br-rich) content diminished the PL intensity and increased the FWHM. The
PL spectra broadening was attributed to the tendency-oEBNPLS to phasseparatatiofi®*2
The same microfluidic platform was then utilized to investigate the Br:Cl ratio effebeon

FAPD(Br/Cl) synthesis in two way%. First, PbBs and PbCl were used as the Pb and halide
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sources. In the second approach, independent sources were used for iadl.jétisoleate and
oleylammonium halide as Pb and halide sources, respectivaly)ddcoupling 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 scenaria.¢., PbX). Furthemore, 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 differeset of inflow synthesis experiments utilizing the same microfluidic
platform it was demonstrated that the peak emission wavelength of FAPb@réQIj
successfully be tuned between 465 nm and 520 nm by varying the Br:X (X=ClI, |) ratio, with the
narowest FWHM and the highest emission intensity obtained-ncBrenvironments.

Utilizing a two-phase flow synthesis platform equipped withrasitu PL spectroscopy
module,** the effect of Br anion addition to &A1.xPbk PQDs on the stability of the
nanocrystal structure was explored. Through exploration of the FA:RB)2rid 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 ahthad the Br
content did not alter the FWHM or the PL emission intensity of the orgramiganic Pb halide
PQDs. Furthermore, the Br content greater than 25% resulted in formation of additional
perovskite structure®(g.,FAPbBR.yly)s.

In addition tothe critical role of Br:Cl/I ratio in on@ot synthesis of Pb halide PQDs, it
plays an important role in bandgap tuning through halide exchange reactions. Utilizing a gas

liquid flow synthesis reactor, Abdéhtif et al*® revealed that using lower Br:Cltios {.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 iodided chlorideexchanged PQDs.
1.4.5 Precursor Mixing Rate

Pb halide PQD synthesis conventionally performed using flablased, hot injection
strategy, which severely impedes thesitu diagnostic probes used for such colloidal
systemg$8127:128The facile integration dh-situ diagnostic probes with microscale flow
synthesis reactors provides a unique opportunity to explore the effect of precursor mixing rates
on the earlystage nucleation and growth pathways of Pb halide PQDs by simply varying the
average total flow velocityi.€. Pg 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 reectors have been successfully deployed to separate precursor mixing, nucleation, and
growth stages of colloidal QD synthesesq, Pb sulfide) by utilizing different fluidic modules
for each synthesis stag@ Theadvantages 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 modida de
modifications or total flow rate adjustments. The precise control over the precursor mixing time
becomes crucial for lowemperature colloidal synthesis chemistries.

Epps etl.*® utilized a modular twaphase flow synthesis platform to explore theetfiof

precursor mixing time on the optoelectronic properties of CsFPBDs throughn-situ
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absorption and PL spectroscopy. It was demonstrated that when utilizindigughfiow
synthesis system, the eadt{age precursor mixing dynamics greatly etifethe nucleation and
growth pathway of CsPbBPQDs, where faster mixing timescales.(igher flow velocities)
resulted in a blushift of the peak emission wavelength of the resulting PQDs. In a foifpw
study, Epps edl.>® developed an automatedarofluidic 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 CsPHBQDs. It was observed that the precursor
mixing time, for otherwse identical reaction conditions, had a significant effect on the PL and
absorption spectra of the-flow synthesized CsPbBPQDs halide PQDs. This study provided
further insights into the underlying mechanisms for the bidatch variation of Pb hale
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
kinetics2® Figure1-8A shows the size evolution of CSPBIQDs at veous synthesis
temperatures calculated from tinesitu obtained absorption speciitAs shown in Figurd-8A,
the Pb halide PQD diameter reaches a plateau between 2 s to 5 s, depending on the temperature,
which demonstrates the fast inherent formatimetics of fully-inorganic Pb halide PQDs.
Utilizing the same microscale flow synthesis platform, similar fast formation kinetics were
observed for FAPb}X=Br, 1).34°Based on the obtained kinetic data, the formation of

FAPD(Br/I)z had two successiveagies. The first stage was postulated to be the nucleation of
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cubeshaped pure FAPHPQDs followed by the incorporation of bromide ions in the second
stage’® Figure1-8B and1-8C present the trend of-situ obtained PL peak position during the
flow synthesis of FAPb(Br/gPQDs at low and high concentrations of surface capping ligands,
respectively. At low surface ligand loading (Figdr8B), all the kinetic curves reached a stable
trend below 3 s, which indicated the presence of initially nucleated§gPbk nanocrystals.
Subsequent incorporation of bromide ions moves the PL peak positions to 660 nm. At higher
surfactant loading (Figure8C), the obtained kinetic data showed a similar trend, with faster
incorporation of Br anions ar@bncurrent formation of FAPbBPQDs. Utilizing the same two
phase flow microfluidic platforri! the challenging formation of @lch FAPb(Ci : Brx)s PQDs
due to the potential segregation of halide ions was studied in detail. Furthermore, the developed
aubmated microfluidic platform was employed for kinetic studies of multinary mixed cation and
anion Pb halide PQD¥ Figure1-8D and1-8E present the time evolution of PL peak and
FWHM of quinary CsFAPRIPQDs, where it follows a fast nucleation and grokitietics
similar to the first reported mechanism on ftiliprganic Pb halide PQF$*

As mentioned previously, one of the main characteristics of Pb halide PQDs is their facile
bandgap tuning through halide exchange reactittvicroscale flow synthsis 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 iflow halide exchange kinetic studiekfally -inorganic Pb halide PQD$The
effects of ligands ratid.€., R.= Voa/Voat+Voam, WhereV indicates volume) and zinc halidee(,
ZnCl> and Zn}) concentration@s) on the kinetics of halide exchange reactions were rapidly
explored (Figurd-8F ard 1-8G). It was observed that increasing the ligand ratio resulted in

reducing the initial rate constant of the halide exchange reaction (Ri@kg which was

37



attributed to the limited diffusion of halide ions through the ligands attached to the sirfaee
Pb halide PQDs. Figure8G shows the faster halide exchange kinetics due to increase in
available zinc halide ions as the exchanging reagents. Utilizirng-giti obtained kinetic data
through the modular microfluidic platform, a thretage hatle exchange reaction mechanism

was proposetf
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Figure 1-8. In-Flow Kinetic Studies of Pb Halide PQDs. (A) Transient diameter evolution of
CsPbt PQDs at different ikflow synthesis temperatures. Reproduced with permission from
Lignos etal.3® Copyright 2016, American Chemical Society. Temporal evolution of PL peak
wavelength during the iflow synthesis of FAPb(Br/t)at 80°C for (B) low and (C)igh surfactant
loadings. Both reproduced with permission from Maceiczyél & Copyright 2017, American
Chemical Society. (D) Temporal evolution of normalized PL peak wavelength, and (E) FWHM
for CsFAPbt PQDs. Both reproduced with permission from Ligreasal.** 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 (reg: Znl
blue: ZnC}). Both reproduced withgsmission from AbdeLatif etal.*® 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 simpy discovered by conventional flatlased synthesis techniques. Therefore, microscale

38



flow synthesis platforms integrated wititsitu diagnostic modules can provide materials
scientists and chemists with a unique capability for accelerated fundamentatetmahistic
studies of the early stages nucleation and growth pathways of Pb halide PQDs as well as their
postsynthesis halide exchange reactions.
1.50n-Demand Flow Synthesis of Pb halide PQDs

Similar to other colloidal nanopatrticles, the synthesistofi&ide PQDs with optimal
optoelectronic properties and structural stability is a-timeaterial, and laboiintensive practice
which requires hundreds of experiments due to their highly complex multidimensional input
parameter spac@ Such a complex narial design space combined with aforementioned
challenges associated with traditioBalisonianflask-based material discovery, synthesis, and
optimization strategies hinders further developments of-pigrity Pb halide PQDS! Despite
the effectivenss of automated microfluidic platforms for hitfiroughput 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. Exploradkien of
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 witisitu material diagnost probes and controlled with
optimization algorithms can significantly accelerate the development ofyeegration colloidal
QDs for targeted applications in chemical and energy technofotes® Specifically,
integration of recently emerging Al strategiesy, deep reinforcement learning) with modular
flow synthesis platforms can enable a paradigm shift in the synthesis, discovery, and

manufactiring of high-performance PQD¥Y 146
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Despite the numerous advantages offered bgrMen material synthesis and discovery
strategies based on materials informatics, tld fs 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 miningn 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 proedspendency of calidal QDs
resulting in lakto-lab, usetto-user, and batcto-batch QD variation have hindered the
convergence of the rapidly emerging Al strategies with colloidal nanoscience. The slow nature of
the widely used flaskased colloidal synthesis methodsiise-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 varidbiltyich
produces inaccurate and skewed QD synthesis models. Microscale flow synthesis strategies have
the potential to address both aforementioned concernsupieg their highthroughput
screening and low chemical consumption nature with-éliasnating statistical methods€.,
design of experiments) to produce higinality, inrhouse generated QD synthesis data for Al
model training and validation, therebignificantly accelerating the development of colloidal
PQDs.

One of the key elements to achieve accuratéoum optimization of PQDs using two
phase flow format is the correct estimation o
within the flowreactor. Optical measurement techniques, including digital catffesaphase
sensor¥® can be utilized for regime, accurate flow velocity measurements of the reactive

phase in a twqphase flow reactor. Tha-situ measured flow velocity can then be utilized to
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calculate the accurate residence times inlte feactor. Kerr eal.*® developed an optical

technique using inexpensive phase sensors for faeditu residence time measurements of two
phase flow in a tubbased microscale flow platform. The integration and automation of-a low

cost and noiinvasive 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 mixiogntrolled synthesis of CsPE?PQDs.

Utilizing the OVAL module, integrated with a twaput, 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 CsPHBQDs 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 knowleelg®QD synthesis
database). Bezinge &t*® integrated a twgphase microfluidic platform with a mulépametric
automated regression kriging interpolation (MARIA) algorithm feflaw optimization of
hybrid organieinorganic Pb halide PQDs (Figute9A). Employing the MARIA algorithm, the
optimized synthesis protocol of (Cs/FA)Pb(l/Band (Rb/Cs/FA)Pb(Br)z 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 approximatél@ 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).
Figure1-9B shows an eemple of PL spectra of Pb halide PQDs obtained utilizing synthetic
protocols predicted by MARIA, as a function of a spatially weighted parametefined in the

algorithm. The predicted optoelectronic properties of Pb halide PQDs were then validated
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aganst the experimentally obtained data. Figlh@&C shows an exemplary performance of the
predicted values of FWHM using MARI¥s the experimentally obtained values for the peak
emission wavelength of 680 nm. Utilizing the MARIA algorithm, thélanv 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 realorld applications of PQDs necessitate wjitiation
(maximization) of their emitting photons measured through PLQY. In a recent study, Epps et
al.>! developed a novéh-situ diagnostic probe capable of accurately measuring the PLQY of in
flow synthesized Pb halide PQDs without dilution througimaovative reduced pathlength
strategy in a custordesigned flow cell module. The developeskitu diagnostic module was
then integrated with a fully modular flow synthesis platform to achieve autonomous synthesis of
Pb halide PQDs with applicatiaguidedoptoelectronic properties. The developed-deifing
PQD synthesizer, calledirtificial Chemist was directed by an Alased optimization algorithm
(Bayesian optimization) to achieve-demand synthesis and optimization of ftityprganic Pb
halide PQDgFigure1-9D). Furthermore, thArtificial Chemist for the first time, enabled
simultaneous optimization of the emission bandwi#w(m) and PLQY (1) of Pb halide PQDs
for any desired peak emission enerBy)( It was demonstrated that tAetificial Chemistwas
capable of autonomously synthesizing haghality 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 pteaining the surrogate rdel of the Atbased
optimization algorithm, the optimized Pb halide PQDs were autonomously synthesized in less
than 10 min for any desired emission color (Figlt&E andl1-9F). In addition to its highly

modular design, thArtificial Chemistcould autonorausly be reconfigured from the discovery
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and process optimization mode to continuous manufacturing operation fostalgesynthesis

of the autonomously optimized Pb halide PQDs. This podaioncept study highlighted the

unique advantages of the conyence of microscale flow synthesis with statg¢he-art Al-

based decisiomaking strategies for accelerated materials development. Further advancements
of Al-guided PQD synthesis technologies can unlock novel formulations and manufacturing
routes of nexgeneration, higiguality Pb halide PQDs towards achieving higéfficient and

costeffective optoelectronic devices.
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Figure 1-9. On-Demand Flow Synthesis of Pb Halide PQDs. (A) Schematic of thghaee
microfluidic platform integrated with MARIA algdghm for the irflow 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 coordinat
validation of the mdel predictions for FWHM values vs. experimental dat& feproduced with

permission from Bezinge ei.** Copyright 2018, American Chemical Society. (D) Accelerated

and ondemand synthesis of Pb halide PQDs by the Artificial Chemist enabled througé halid
exchange reactions. (E) PL and (F) absorption spectra of 11 optimal PQD formulations
autonomously synthesized by the Artificial Chemist &eproduced with permission from Epps

etal.>! Copyright 2020, WILEYVCH.
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CHAPTER 2: Ultrafast Cation Doping of Perovskite Quantum Dots in Flow

Bateni, F.; Epps, R. W.; Abdddtif, K.; Dargis, R.; Han, S.; Volk, A. A.; Ramezani, M.; Cai, T;
Chen, O.; Abolhasani, M2021). Matter, 4, 2429.

2.1 Abstract

Among allinorganic metal halide perovskite quantum dots (BQBPesium lead chloride
(CsPbQ3) 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 metatpurity dopants, such as manganese{ions to the
crystalline lattice of the CsPb£3DDs 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 though the internal energy transfer mechanisms. In this study, we introduced a facile,
ultrafast synthetic approach for pasinthetic Madoping of CsPbGIQDs with a high degree of
tunability. Due to the fast nature of the psghthetic metal cation dapg reaction, an
engineered timéo-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 oatiopant precursor and ligand
composition on the extent and kinetics of the-tiping process. With the help of the
translationain-situ absorption and photoluminescence spectroscopy, we propose a
heterogeneous surface doping mechanism though a vaassisted metal cation migration. The
developed iFflow doping strategy can open new avenues fedemand optoelectronic
properties tuning and scalable precision synthesis ofduglity metal catiordoped PQDs.
2.2 Introduction

Metal halide perovskite quaum dots (PQDs) have recently emerged as a promising

semiconducting material candidate with superior optical and optoelectronic properties than
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conventional I#V and I-VI QDs for next generation devicés!336366.15052 ghecifically, lead
(Pb)halide PQDs have been successfully utilized in a wide range of sefutiorssed devices,
including solar cell§;*>3%¢ displays'®’ light-emitting diods (LEDs)? biosensorslasers:>®
and photodetector§®11In additionto their defectolerant bandgap structure,-Rhlide PQDs
offer nearunity photoluminescence quantum yield (PLQY) without a secondary passivation
layer, narrow emission linewidth, short radiative lifetime, negligibleaasorption, and weak
PL blinking effect!*®53Moreover, due to their ionic nature and the quantum confinement effect,
Pb-halide PQDs possess unique siazied compositiofiunable emission properties within the
visible spectrum through growth rate control and {sysithesis ion exchange reactions,
respetively.!’162

Despite the unique optoelectronic properties ahBlide PQDs, one of the major
drawbacks hindering their adoption by chemical and energy industries is the health and
environmental concernssociated with the toxicity of led8>'%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!P@Dsalternative
route based on partial cation exchange of Pb ions with less toxic materials that possess analogous
optoelectronic properties to Pb.¢, Manganese (Mn), Tin, Cadmium, Zinc and Bismuth) is
considered as an effective strategy to mitigatddkieity of Pbhalide PQDs without sacrificing
the superior optoelectronic properties, and at the same time, imparting new optical and
optoelectronic properties into the pristine P@F° Over the past few years, Mioping of
Pb-halide PQDs has been investigated as an effective route for introduction of additional
magnetic and optoelectronic properties to P®1473 Manganese is the most common choice of

the impurity dopant as iienic radius and valence state resemble Pb, thereby allowing cation
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exchange reactions in the lattice of the hoshRlide PQD nanocrystat$®!"* Through Mn
doping of Pbhalide PQDs, the total content of#bns 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*\dhu states, resulting in a long
excitedstate yelloworange emissiof(3176

Among altinorganicPb-halide PQDs, cesium lead chloride (CsPhQIDs possess the
highest bandgap energy which makes it a more favorable crystalline host for efficient energy
transfer from ban@dge excitons to Mn internal states. Doping CsPROIs with Mr?* ions
offers twodistinct advantages: (i) the incorporation of ¥ions into the PQD crystal lattice
increases the tolerance factor, improves structural stability, and enhances radiative pdthways;
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 catiomloped PQD3"% 177

Mn-doped Pkhalide PQDs can be synthesized usingpoi hotinjection synthesis
technique and postynthetic cation exchange reactions. PemlissiveMn-doped CsPbGIQDs
were first successfully synthesized via a colloidalpog hotinjection method/%!"*Feasibility
of the postsynthetic cation exchange of Plwith Mn?* ions in CsPbGIQDs were first studied
in the work of Gaeet al.1’®In this study, CsPb@RQDs were first synthesized using a-hot
injection method and used without further purification for thedéping with ananganese
chloride (MnC}) precursor at a relatively high temperature (50

Roomtemperature, postynthetic metal cation doping of falide PQDs can provide a
higher level of control over the extent and level of doping compared to theégmgerature

cation exchange or ofot, hotinjection methods. Furthermore, the prevention ofaetfealing
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provide an additional advantage of peghthetic roorrtemperature cation doping technique
compared to the higtemperature routé$?8A roomtemperature Mn doping of CsPB@Ds
using postsynthetic cation exchange reaction of CsRBIeiIDs with MnCh was developed by
Chenet al.2®* The Mn doping process was explaineased on a proposed simultaneous dynamic
cation and halogen anion exchange mechanism. The superior performance ptdmm@ired to
other Mn sources for doping Pialide PQDs might be attributed to the relatively similar bond
dissociation energy of M&l and PbCI bonds which trigger the successful substitution of Pb
with Mn.185171.181Recently, HillsKimball et al.demonstrated a quasolid-solid cation
exchange route for the synthesis of-dlsped CsPbGIQDs, and proposed a heterogeneous
surface doping followed by an inward diffusion process through engineering of the present
surface ligand&®?

The metal cation doping reactions of-Rdlide PQDs are currently studied using
conventional, timeand materiaintensive flaskbased strategig§>166:178.179.18hegpjte the ease
of setup assembly, the batch synthesis approach suffers from major limitations including
inaccessiblén-situ characterization for fast reactions, batotbatch variability, and
poor/irreproducible mass transfer rat&'%¢ Such mass transfer limitations can result in-non
uniform cation doping of pristine Pimlide PQDs during the fast cation doping reaction and
hinder the accurate systematic and mechanistic studies of interactions betwesratiie and
host PQDs. Lack of fast homogeneous mixing iarsitu diagnostic probes in fladkased
synthetic routes, make it extremely challenging to accurately study the important dynamics of the
fast Mnrdoping process under the reactlonited regime.

Solution-phase synthesis of Mioped CsPbGIQDs at roorrtemperature are amenable

to flow synthesis techniques for accelerated fundamental and applied studies of the PQD doping
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process?38:39.3942,44,46,50,51,69.18190 | contrast to batch synthesis techniques, flow synthesis and
processing of Phalide PQDs can provide timand materiakfficient parameter space mapping,
enhanced and controllable trandp@ates for fast reactions, and the prospect oftresd

formulation optimization within the broad PQDs synthesis and processing parameter%paces.
185 These advantages makefiow material synthesis an effective strategy for both accurate
mechanistic investigations of the doping process and scalable continuous nanomanufacturing of
metal catiordoped Pkhalide PQDs. Microfluidic flow synthesis techniques can be divided into
two primaryflow formats, singleand multiphase flow!33 185191 The slow axial/radial diffusive
mixing in a singlephase flow regime can result in undesirable axial dispersions which limit
accurate kinetic studies of fast reactié$° In contras, multi-phase flow format benefits from
intensified inflow mixing, due to the formation of axisymmetric recirculation patterns within
moving droplet$8¥185 Two-phase (liquidiquid or gasliquid) and thregphase (gaiquid-

liquid) flow are two common flow formats utilized for the controlledlow nanomaterial
synthesis.

The fast kinetics of the solutigghase metal cation doping reactions of PQDs requires a
precisely engineered tirte-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 stabieWwigite operational
envelope, while achieving uniform mixing pattern within moving droplets of fphbise flow.
Despite the enhanced mixing of the reactive phase along the flow direction, the accessible
operational window by a twphase flow format is limitéto maintain a stable flow pattern at
high fluid velocitiest®>'%However, introduction of an inert gas phase to establish a piuaese

flow (gasliquid-liquid) configuration can significantly expand the operational flow velocity of
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the unifom multi-phase flow format, leading to simultaneous intensified mixing and the required

time resolution for mechanistic studies of mass trafdsfeted reactiong?2193
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Figure 2-1. Facile cation doping of CsPh{DDs in flow. (A) Precise tuning of the metal cation
doping of CsPbGIQDs in flow under UV irradiation (365 nm). (B) Schematic illustration of the
capabilities of the modular microfluidic platform for rapid parameter space exploration,
mechanistic studiesnd continuous nanomanufacturing of-8loped CsPbGIQDs.

In this study, we introducéor the first time a continuous flow synthetic route for facile
Mn-doping of CsPbGIQDs with a high degree of tunability. We utilize a modular microfluidic
platform shown in Figure A for accurate reactielimited kinetic studies, accelerated
mechanistic investigation, and precise emission tuning etibped CsPbGIQDs (Figure 21A)
through inflow cation exchange reaction. Next, utilizing the computentrolledflow synthesis

platform equipped with a multimodad-situ spectral characterization probe, we systematically

investigate the effect of Mngtoncentration and ligand composition on the kinetics and extent
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of the roomtemperature Rbalide PQDs cation dopg process. In light of these findings, we
propose a heterogeneous surface doping mechanism mediated by a-zssistey cation
migration pathway. This study provides ardiepth fundamental understanding of the cation
doping mechanism involved with tiserface chemistry of the host4Ahlide PQDs and can open
new synthetic routes for continuous nanomanufacturing ofdgiity cationdoped Pkhalide
PQDs (Figure 2.B) for direct utilization in photonic and optoelectronic devices.
2.3 Results and Discussn
2.3.1Cation doping in flow

We developed and utilized a computentrolled modular microfluidic platform to study
the postsynthetic metal cation doping of flalide PQDs toward enabling continuous on
demand tuning of their optical and optoelectrqmmioperties (Figure-2A). We adapted a single
solvent chemistry to continuously synthesize-tped CsPbGIQDs in flow at room
temperature (Figure-2B). The choice of noncoordinating solvent, octadecene (ODE), as the
doping solvent was to facilitate dimuous nanomanufacturing of catidoped Pkhalide 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 (HiifCthe nonpolar reaction solvent
(ODE) *¥2 For the synthesis of the pristine CsPbQDs, we adapted a modified Hajection
synthesis techniqué? The PQDs were purified using a conventional precipitation/redispersion
strategy. Methyl acetate (MA) was used as a polarsahtient for the washing step. The pristine
CsPbC4 QDs were diluted to adjust the initial concentration of thén&limle PQDs for the
continuousflow Mn-doping process based on the reported extrowfficient (.94

The modular microfluidic platform was integrated with a mobile multimodal spectral

characterization probe (UVis absorption and PL spectroscopy), capable of monitoring the
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metal cation doping process along a 30 cm length of the flagtae Two inline static
micromixers with a low dead volume (2 pl) were used to ensure homogenous mixing of the
reactive precursors in the formulation module of the microfluidic platform (Fig@@e) defore
flow segmentation at the custdouilt four-way fluidic junction. The addition of advective
mixing in a secondary dimensione(, Dean flow) induced by the inline braided micromixers
enables fast precursor mixing timescale, resulting in the redotided Mn doping process
within the moving dropletslang the flow reactof® The combination of the builh micromixers
and high flow velocity threphase flow format allows the-iitow metal cation doping to be
operated under the reactiimited regime, and thereby deconvolutes the effect of precursor
mixing rate on the dynamics of the cation doping process along ttra 8hgth of the flow
reactor(i.e., reaction times spanning from 0.5 s to 5 s with time resolutions as low as 60
ms)3°4546The mobile flow cell provides a broad range of information about the metal cation
doping reaction through tempoiatsitu UV-Vis absorption and PL spectroscadpgs the
reactive phase droplets move along the flow reéctocluding the population of QDs
(absorption), the status of PQD surface defects (PL), the colloidal stability of the PQDs
(absorption), and the intrinsic kithes and extent of cation doping reaction (PL). Such
information would provide valuable insights into the fundamental mechanisms controlling the
cation doping of the CsPb£IDDs. Figures 2C-E illustrate an example of wealth of
information about the catimodoping of Pkhalide PQDs that could be readily obtained using the
mobile flow cell integrated with the modular flow reactor.

Figure 22C presents an exemplary time evolution of the\¥ absorption spectra of
Mn-doped CsPbGIQDs over 5 s of the pasynthetic cation doping process. 50 s, the first

excitonic peak is located at 375 nine( the pristine CsPbeDs). The position of the first
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excitonic peak wavelength remained constant throughout the metal cation doping process.
However, the seconekcitonic 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 Mndoping reaction. These phenomena can be attributed to the suppression of the
crystallographic defects.€., chloride vacancies and/or distorted [P§Gttahedra) presented in
the crystalline lattice of the host CsPpQDs ¢ In addition to the absorption spectra, temporal
PL spectra of the PQDs with an excitation wavelength of 365 nm-(fidngsled LED) were
obtairedin-situ, along the flow reactor (FigureZD). Att=0 s, the exciton emission peak of the
pristine CsPbGIQDs is centered at 400 nm with a fulidth at halfmaximum (FWHM) of 16

nm. Att=0.56 s, a second emission peak became apparent near 616 nnswlhielo the
emergence of radiative recombination pathways through the exciton energy transfer to the Mn
internal dstatest’®'"*Upon initiation of the metal cation doping reaction in flow, the intensity of
the exciton emission peak increased sigaifitly untilt=0.56 s, which can be attributed to the
reduction of nofradiative localized trap states in the pristine CspPRCIs originating from the
surface healing effect of the Mioping proces$® After t=0.56 s, the exciton peak intensity
decreasednd the Mn emission peak intensity increased gradually until reaching a plateau at
t=1.63 s, indicating the completion of the Moping reaction. This result shovisy the first

time, that facile possynthetic Madoping of Pbhalide PQDs can be achievattimescales

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. Mereibrough the cation doping process,
the Mn emission peak rezhifted from 616 nm to 625 nm (0.56 &<..63 s), which is attributed

to the formation and enhancement of ¥in M f pairsl73477.182
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The incorporation of M# ions within the crystalline lattice of the pristine CSPHQ@Ds
is further confirmed througbxsitu X-band electron paramagnetic resonance (EPR) spectra of
the pristine and Midoped CsPbGIQDs, shown in Figure A. Upon doping, the EPR spectra of
the Mndoped CsPbGIQDs (Figure A1B) exhibits a single peak with a width of 23.5 G,
confirming the successful4ftow doping and incorporation of Mhions into the lattice of the
host PQDs through the pesgnthetic catiomoping proces§®’7:18|n the case of homogeneous
Mn doping, sixequally spaced hyperfine profile splitting peaks (A~86 G) are expected in the
EPR spectra of the Mdoped CsPbGIQDs1™177:182197 Considering the low amount of the
doped Mn in the host CsPR@Ds (1.0+0.1% M#f, measured by EDSemmental mapping), the
absence of six hyperfine splitting profile in the EPR spectra of theldped CsPbGIQDs
indicates a strong interaction between theéWirM i pairs localized at the outer surface of the
host PQDs. Interestingly, the EPR spectrehefaged Mrdoped CsPbGIQDs showed a six
hyperfine splitting profile with a width of 86 G (Figure &C) which suggests the initiation of
the inward diffusion of the surface Kfrcenters into the bulk nanocrystal. This observation can
be further confirmedavith the slow blueshift of the Mn emission peak from 625 nm to 618 nm
(Figure A1D) within 6 h after the kilow Mn doping process. Similar phenomenon was
reported by HillsKimball et al.as a result of the homogenous diffusion of the metal cation
dopantsnto the bulk nanocrystal. From these results, it can be concluded thaffliwe Mn-
doping of CsPbGIQDs is an ultrafast heterogeneous surface doping reaction (~ 2s) followed by
a slow inward diffusion process into the bulk nanocrystal (homogen&8us).

In addition to the temporal PL and absorption spectra shown in FigR@ead 22D,
the areaA.) of the exciton and the Mn emission peaks and their cumulative area, nednaliz

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 R2guréHe gradual

decrease and increase of the exciton and Mn emission peak intersifigs @2D),

respectively, imply the direction of the cation exchange process for the substituticti witRb
Mn?*in the PQD surface unit cells. The fact that the-ddping process reached to a completion
after only 2 s indicates that the paeghthett cation exchange process at room temperature is a
fast surface reaction and the doping process halts once the avaiféhtatfins for exchange

with Mn?* cations at the outer surface of the PQDs are constfth&dFigure A2 exhibits the
X-ray diffraction (XRD) patterns of the washed pristine CsRRCls and the Mydoped

CsPbC4 QDs. The XRD pattern reveals that the both undoped and doped PQDs are highly
crystalline and possess a cubic perovskite CsRls@tal structure (JCPDS no.-p811)12

There & no noticeable shift in the XRD peak positions before and after the metal cation doping
process and the XRD patterns for the-lbped CsPbGIQDs remained structurally identical to
the washed CsPb£DDs. Previous reports of the homogeneous Mn dopindp-tfaiide PQDs
observed a forward shift in the XRD peak positions after thelding process as a result of the
nanocrystal lattice contraction, since #¥ions possess smaller ionic radius thaA"Pb
ions174177.1970yr XRD results are in line with the study of Hikémball et al1® and indicate

that the ultrafast postynthetic MRdoping process results in an extrinsic surface doping
mechanism which has no significant effen the intrinsic regions of the host PQDs and is not
involved with an inward diffusion process towards the core structure of PQDs duringflthe in
cation doping reaction (~ 2 s). Transmission electron microscopy (TEM) images of the pristine
CsPbC4 and Mn-doped CsPbGIhanocubes are shownkiigure A3. TEM images of the

pristine and Mrdoped CsPbGIQDs show a uniform cubic morphology. The preservation of the
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average cube length of the PQDs before and after thesyittetic metal cation doping prese

further confirms the heterogeneous surface doping mechanism.
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Figure 2-2. The overall capacity of the automated modular microfluidic platform for the
accelerated higthroughput fundamental studies of the retemperature, postynthetic Mn
doping of CsPbC} 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-bsped CsPbGIQDs using a thieephase flow
format. (B) Fluorescence images of the moving droplets of thedped CsPbGIQDs under UV
illumination (365 nm) obtained via an-flow dilution strategy. A representative 3D waterfall time
evolution of the UWis (C) absorption and (D) PL spectra of the -Bioped CsPbGIQDs,
obtained by the multimodal mobile flow cell. (E) Thamalized exciton and Mn emission peaks
and the cumulative area within the rooemperature, postynthetic MRdoping process.

In order to have a deeper look into the heterogeneous surface doping mechanism of the
Mn-doped Pkhalide PQDs, we need to firstiikd an understanding of the surface chemistry of

the starting CsPbeRDs. It has been demonstrated that isolation and purification-barle
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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 chlorideacancies and distorted [Pladbctahedra!'**3Thus, the post
synthetic Mndoping process can prevent the energy transfer loss through tbeigireg
surface defects by filling the chloride vacancies, completing the distorted surface unit cells of the
pristine Pbhalide PQDs, and forming a protective shell arotlvedouter surface of the host
PQDs. The time evolution of the peak emission areas during the Mn dopinghafi(o PQDs
(Figure2-2E) reveals that the cumulative area increases until 2 s of the metal cation exchange
reaction and then reaches a plateawctvimdicates 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 CsPQUIs) to 4% (Mrdoped CsPbGl
QDs). Furthermorehe constant values of the exciton and Mn emission peaks areas after 2 s
provide additional evidence for the completion of the ultrafafibim cation exchange reaction
through a heterogeneous surface doping mechanism. It should be notdththagh thee are
significant mass transfer and reaction kinetics limitations in batch reéctansich affect the
accurate kinetic studies of the ultrafast metal cation doping reaction in a batch deaotodo
not expect a significant difference in the final PLQMhe Mndoped CsPbGIQDs obtained by
the flowvs batch reactors; PLQY of the Mioped CsPbGIQDs synthesized in batch was
3.5%.
2.3.2Mechanistic studies in flow

To better understand the mechanism of the metal cation dopinghaflidb 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 karediextent of the
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postsynthetic cation exchange reactions. The chemistry of the Mn precursor used in this study
includes activated Mn precursaore(, MnCl>-OAm complex), as well as free chloride {Gind
oleylammonium (OAR) ions that play important les during the surface doping reaction. A
systematic irflow study of the effects of Mngtoncentration@v) and the ligando-solvent
ratio (Lrs= Voam/Vopg; whereVoam is volume of OAm an®ope 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 Pihalide PQDs through a continugypostsynthetic MAdoping process.
2.3.2.1Effect of MnCl2 concentration on the inflow 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-flow dilution moduleof 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 Mmi@cursor was mixed with a
stream of the dilution solution contaig the same solvent (ODE) ahds. Different
concentrations of MnGlwere obtained by changing the volumetric flowrates of both fluidic
streams, while keeping the total volumetric flowrate constant. As shokigune2-2B, it was
observed that the emissi color of the Mrdoped CsPbGIQDs could be tuned from blugolet
to orange by continuously varying the concertation of the reactive \Mm€iursor orthe-fly.
For the purpose of our mechanistic studies, we monitored the metal cation doping oz:CsPbCl
QDs with six different concentrations of the dopant precusgure2-3A (andFigureA-4A)
presents the steady state WS absorption spectra of the pristine and the-ddped CsPbGl
QDs. As can be seen ingure2-3A, the intensity of the first excitampeak 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 dopingaamri® The steady state PL spectfaun-doped
CsPbC4 QDs with different MnCJ concentrations, shown Figure2-3B (andFigureA-4B),
revealed that the exciton peak intensity enhanced drastically by the metal cation doping and then
decreased, while the Mn emission peak increased untitarc€v value (18 mM), thereby
suggesting a twstage cation doping proce$n:defect removal and surface treatment of the
pristine Pbhalide PQDs, anli) initiation of the roortemperature metal cation exchange with
surface PP cations. When changir@u from 7.2 mM to 18 mM, the exciton peak wavelength
and FWHM of the Mrdoped CsPbGIQDs remained unchanged. However, the Mn emission
peak reeshifted from 616 nm to 625 nm, accompanied by an increase in its area, indicating
higherextent of Mn doping within the host CsPbQIDs at higheCwm values. Interestingly,
when increasing th€wv value from 18 mM to 22.5 mM, the exciton peak intensity increased,
while the Mn emission peak decreased and-bhifted to 619 nm. This observatisnggests
that at very higlCw 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
Mn?* cations inhibiting the exchange of the aatad Mrf* cations with the surface Plcations.

To further study the kinetics and the extent of the-pgsthetic Madoping of Pbhalide
PQDs, we introduced the term area rafig),(which is defined as the ratio of the area under the
Mn emission peak tthe area under the exciton peklgure2-3C shows howA, varies during
the metal cation exchange reaction in flow for six different dopant concentratignee2-3C
reveals important information about the mechanism as well as the kinetics and etttent of
metal cation doping process. One of the most important results of our study is that regardless of

the operatingCm 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 eaiferred as thmcubation timen our
study. Upon injection of the dopant precursor into the stream of the pristine @R lthe
excess Clanions rapidly fill the Clvacancies present at the surface of the pristine Csily,
and thus significatly reduce the population of the available distorted unit ¢€t83%During

the incubation time, the excess free OAons bind to the halide sites at the outer surface units
cells, forming an xype oleylammonium chloride ligand shett! These two processes can
explain the healing effect of the Mioping reaction for the removal of tearface defects in the
beginning of the postynthetic metal cation doping process.(the increased exciton peak
emission area). Next, the activated dopant precurserdnCl-OAm complex) bind to the
available Clanions in the halide sites attbuter surface of the PQDs to initiate the cation
exchange proces& As shown inFigure2-3C, by increasinghe dopant concentration from 7.2
mM to 18 mM, the extent and intrinsic kinetics of the Mn doping reaction increasedup=to
22.5 mM, and then decreased due to the less available free oleylammonium ions to bind to the
surface of the pristine CsPh@Dsand remove surface Plrations for the cation exchange
reaction. The intrinsic kinetic constait)(of the Mndoping reaction at differe@v values are

presented ifrigureA-5A, which follow the same trend éf, discussed previously.
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Figure 2-3. Effect of the metal cation dopant concentratiGi)(on the kinetics and extent of the
in-flow doping process. The steady state-\Mig (A) absorption, and (B) PL spectra of the pristine
and Mndoped CsPbGIQDs at different concentrations of the dopant premur(C) The area ratio
(A) variation of the exciton to Mn emission peaks over the course of #th@wimrmetal cation
doping process for differef@dv values. The first 0.5 s is considered as the incubation time of the
heterogeneousurface doping mechamnis (D) The normalized exciton, Mn, and total emission
peaks of the Midoped CsPbGIQDs at differenCw values.

Figure2-3D presents the normalized individual and the cumulative area under the exciton
and the Mn emission peaks. It is apparent that dihegurface doping of CsP@Ds, the
surface defects of the Rtalide PQDs are reduced, as the total peak emission areas of-the Mn
doped CsPbGIQDs increased for all tested dopant concentrations. When increasing the dopant
concentration, the exciton peak area reduced Gntll8 mM and then increased@y =22.5
mM. Likewise, the normalized Mn emission peak area increaseddw3til8 mM and then
decreased d&nv=22.5 mM. This finding is aligned with our previously proposed surface doping
mechanism. At the maximum Mn dopin@v=18 mM), all the available surface Plzations are
exchanged with the activated dopant precut&or’8At Cu=22.5 mM, as the amount of OAm in

the dopant precursor is constant, higher amounts of fré&ddtions are available in the dopant

stream. The presence of free #noations can interpt the transfer of the activated M@ AmM
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complexes and inhibit their attachment to the halide sites and as a result fewer numb&rs of Pb
and Mrf* cations can be exchanged at the surface of the CsBRiDGL
2.3.2.2Effect 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 heterogeneotface doping reaction. The concentration of the
MnCI; salt was remained constant while varying the ligemsdolvent ratio. Four differertrs
values were explored for our-flow cation doping studieg:igure2-4A (andFigureA-4C)
shows the steady stdth/-Vis absorption spectra of the Mioped CsPbGIQDs at different.rs
values. Except for thiers=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 tladized
surface traps. It should be noted thdt@a=0 (.e., in the absence of OAm), the MnGhlt
cannot be completely dissolved in OB¥ Therefore, the absence of surface doping reaction is
expected atrs=0. The steady state PL spectra of the four studied ligand compositions are shown
in Figure2-4B (andFigure 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 Mn{Jrecursor and the Mdoping surface
reactionhas previously been demonstratét:2We postulated that the formation of the
activated MnCG}-OAm complexes in the dopant precursor followed by their binding to the halide
sites in the truncated [Pbdfbctahedra present at the outer surface of trstipei CsPbGIQDs,
provides an opportunity for the MnE&DAmM complexes to be exchanged with PeGAm at the
surface octahedra through a cation migrationL#&t0.1, as a result of surface doping reaction,

the exciton peak intensity increased and Mn eionsgeak became apparent. However, by
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further increasing thers beyond 0.1, the exciton and Mn emission peaks both diminished. A
similar trend was observed in tAevalues Figure2-4C) and the intrinsic doping constant
(FigureA-5B), indicating a sloweintrinsic kinetic and lower extent of the Mn doping at high
LrsVvalues. This phenomena could be attributed to the fact that at highealues, higher
amounts of free OAmions might deteriorate the host CsPHQDs8? Therefore, at highrs
values, lever amounts of octahedra, and thus the surfaéedations are available to be
exchanged with the activated dopant precursors. Moreover, due to the higher availability of
excess OAmions at highLrs values, similar to the effect of higbm values, a fewer MnGl

OAm complexes could be exchanged at the surface of the pristine GEHIdue to the
induced diffusion limitations. These observations are in line with the observation of the exciton
and Mnemission peak areas at differént values, shown ifrigure2-4D. At Lrs>0.1, the
normalized exciton and Mn emission peak areas, as well as the total emission peak areas
decreased for allrs values tested here, which indicates a lower extent etibping 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 suggekeslower amounts of the surface
PI?* cations present at hidlks values, andii) the laver exchange rate between the MaCl

OAm complexes and Pb£DAm units at the surface unit cells. Furthermore, we studied the
detrimental effect of high amounts of free ORImns on the colloidal integrity of the PQDs and
the dynamics of the cation dopingopessFigureA-6A andA-6B show than-situ obtained UV
Vis absorption spectra of the pristine CsR@Ds diluted inflow with ODE in the absence and
presence of OAmMLRs=0.1), respectively. As shown FiguresA-6A andA-6B, the absorption
intensity vdues diminished slightly in the presence of OAm and reached a plateau within 2 s.

Moreover, the effect of OAm on the WVis absorption spectra of the washed CsRigiD)s at
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different dilution ratios were studied and presentdeigureA-6C. As expected, ithe presence
of high concentration of OAm, the walkfined excitonic features of the WWis absorption
spectra of CsPbeRDs were diminished, indicating the degradation of CsPQOk. Therefore,
it can be concluded that at highs, both the structurahtegrity of the CsPbGIQDs 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 catinglof Pbhalide PQDs that was
otherwise impossible to deconvolute and study using conventionabifesld synthesis
techniques. Moreover, the developed modular microfluidic platform in this work can be readily
adapted for accurate fundamental investiget 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-NMoping of CsPbBrQDs3 synthesized using
our previously reported protokc® FigureA-7 shows the steady state UXis absorption and PL
spectra of the pristine and Mioped CsPbBrQDs. As shown ifFigureA-7, upon Mn doping of
CsPbBg QDs, the excitonic PL peak bhshifted from 492 nm to 408 nm as a result of
simultaneous anion exchangedaration doping reactions.

Based on ouin-situ spectral and offline structural characterization results, we propose a
vacancyassisted cation migration mechanism for the rdemperature, postynthetic Mn
doping of CsPbGIQDs.Figure2-5 shows a schentia illustration of the surface processes
involved during the heterogeneous metal cation doping dfdiidle PQDs. This mechanism is
dissected into two stages (©f an earlystage surface healing/treatment reaction within the
incubation time (~ 0.5 s), drii) 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 ligametal bindings, the purification of
the CsPbGIQDs with polar methyl acetate astblvent and then the following diion steps,
desorb a major fraction of ligands around the surface of the pristine B3 he surface
defects of the washed CsPbQIDs cannot only be limited to the ligand removals and includes
the formation of Clvacancies and distorted octahedra unit cells mostly at the outer surface of the
PQDs!'? Upon mixing of the MnGlprecursor with the purified CsP@Ds, the excedsee
CI anions present in the dopant precursor fill the vacant halide sites of truncateg] {fPLCI
cells present at the surface of the PQDs. Next, the excess free unprotonatedafiéms,
coming from the MnClprecursor, bind to the Ghnions locate in the surface unit cells and
form the xtype oleylammonium chloride ligand sh&it:1*®De Rooet al. has previously
demonstrated that the surface of the CsRh8nocrystals can be passivated through a paif of x
type ligands, binding with the oleylammonium cations to the surface bromidé*sFeslowing
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 Cs®bBGI| The enhanced UVis
absorption intensity values of the first excitonic peak along thighenhanced 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 MnClI
OAm complexes can attach to the itadale halide sites in the surface unit cells to initiate the Mn

doping proces¥®
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Figure 2-4. Effect of ligandto-solvent ratio (RLS) on the kinetics and extent of théaw Mn-
doping process. The steady state-Uig (A) absorption and (B) PL speatof the pristine and
Mn-doped CsPbGIQDs at different ligando-solvent ratios. (C) The area ratiy) variation of

the exciton to Mn emission peaks over the course of thewnmetal cation doping process for
differentLrs values. The first 0.5 s onsidered as the incubation time of kieerogeneous
surface doping mechanism. (D) The normalized exciton, Mn, and total emission peaks of the
Mn-doped CsPbGIQDs at different.rs values.

In the second stage of the cation doping process, the MW complex is exchanged
with the PbCJ-OAm complex in the surface unit cell, forming the surface [Mh@itahedra,
passivated by oleylamonium chloride ligaftfg®® Due to the rigid structure of Phcations
surrounded by halide salts, it requires a higfivation energy to form Pbvacancies and
perform PB*-to-Mn?* cation exchange reactiok$:'8'When the concentration of MnCl
increases, the population of the activated MAGAmM complexes increases, and therefore the
extent of Mnrdoping is enhanced and the catexthange surface reaction reaches to completion
in a shorter period of time.¢€., faster intrinsic doping kinetics). However, upon further
increasing the concentration of Mn@ the dopant precursor at a constiagy, the number of

available free Mfi" cations in the dopant precursor increases which disrupts the dynamics of the

doping process by inducing mass transfer limitations for the activatedbND#Dh complexes.
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Therefore, the cation exchange reaction rate and the extent-dbping decrease. In dition,

at high liganeto-solvent ratiosl(rs>0.1), the basic environment induced by OAgations,
deteriorates the integrity of the CsPHQDs present in the reaction mixture. Additionally, at

high values of rs (similar to highCw), excess OArmcationscan promote diffusion limitations

and decrease the cation exchange rate. The low activation energy requirement for the formation
of CI' vacancies enables MIiDAmM complex to be exchanged with the PBCGAm surface

unit through the proposed vacarassistd cation migration mechanistf178
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Figure 2-5. Schematic illustration of the vacanagsisted metal cation migration mechanism
during the roortemperate, postyntheticMn-doping of CsPbGIQDs.

2.4Conclusion

In conclusion, wentroduced a facile and tunable microfluidic synthesis approach for the
continuous metal cation doping ofRhlide PQDs. We utilized a modular robotic flow synthesis
platform for the timeand resourcefficient mechanistic investigations of the metal cation
doping of CsPbGIQDs with high degree of emission tunability. The integration of a mobile,
multimodal spectral characterization probe with the modular microfluidic platform allowed us t
accurately study the kinetics and reveal the mechanism of the metal cation doping ot CsPbClI
QDs with a time resolution of 60 ms, which is otherwise impossible using currenbéask

QD synthesis strategies. Utilizing the developed microfluidic platfeve rapidly investigated
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the effect of metal cation dopant precursor concentration and ligand compaosition on the
optoelectronic properties of Mtioped CsPbGIQDs and proposed a twstage heterogeneous
surface doping mechanism through the vacaassiséd 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
precisiontailored Mndoped CsPbGIQDs for nextgeneration energy technologies. Further
development and adoption of the developetlaw metal cation doping strategy towards other
impurity-doped nanomaterials is expected to significantly accelerate development of optimal
formulations of mvel energyrelevant nanomaterials with unique physicochemical and
optoelectronic properties at a fraction of time and cost of currently utilized batch techniques.
2.5 Experimental Methods
2.5.1Materials

Lead (Il) chloride (99%) and manganese chloridé49@nhydrous) were purchased from
STERM Chemicals. Methyl acetate (MA, 99%, extra pure) andtddecene (ODE, 90%) were
purchased from ACROS Organics. Oleylamine (OAm, 70%), oleic acid (OA, 90%), and cesium
carbonate (G£0s, 99.9%) were purchased frong8iaAldrich. Hexane (certified ACS) was
purchased from Fisher Scientific. Higlerformance heat transfer perfluorinated oil (PFO,
Galden HT 270) was purchased from Solvay. Argon (Ar) and nitroggrighks were
purchased from Airgas. All the chemicalsrev@ised without further purifications.
2.5.2Preparation of CsPbCk QDs

CsPbC4 QD precursors were prepared by adapting the procedure reported by Hills
Kimball et al.with slight modifications8 First, Csoleate precursor was prepared by loading

102 mg CsCOs, 5 mL ODE, and 312.5 puL OA in a 24 ml septa vial and heating &C1{20 1 h
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under vacuum to obtain a clear solution. To ensure complete dissolutiosCi:Cthe soluibn
remained at 12C and was heated for 1 h undex Nlhe vacuum and the flow of2Mere
controlled using an Hmouse Schlenk line system. Next, 0.748 mmol PEZTI8 mg), 20 mL
ODE, 2 mL dried OA and 2 mL dried OAm were added into a 100 meéck flask followed by
heating under vacuum at IZDfor 1 h to obtain complete dissolution of Ph§ilts. Then, the
mixture was heated to reach 2@0under N and vigorous stirring. To synthesize CsPHQ@Ds,
1.6 ml of the C=leate precursor was rapidly injected into the heated RoCition and the
mixture was immediately cooled in an ice bath. To purify the synthesized GSPb€|the
crude mixture was washed with MA with a volumetric ratio of 1:PI6f3k 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 CsBbGIwere redispersed in
ODE to form the colloidally stable washed QDstlwe inflow cation doping studies. The initial
concentration of the CsPhDDs were maintained at 3.3*10/ using the absorbance value at
380 nm and reported intrinsic absorption coefficient for the size distribution of GIPDEI
spanning from 9 to 1am 19419
2.5.3Preparation of MnCl2 precursor

To prepare MnGlprecursor, 0.8 mmol dried Mn£&100.6 mg) salts, 20 mL ODE, and 2
mL dried OAm (rs=0.1) were loaded in a 40 ml septa vial and heated under flow aif N2OC
for 2 h to completely s dissolthe MnC} salt.
2.5.4Microfluidic platform

Flow synthesis of Midoped CsPbGIQDs was carried out in an automated modular
microfluidic platform previously developed in our grotid® The assembly of the microfluidic

platform involves three structural core modules of the support structure, flow cell, and sampling
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tracks (custommachined in aluminum, Stratasys Direct Manufacturing). All the fluid streaming
components (tubing, fluidiconnections, and fittings) were purchased from |IBHealth &
Sciences. An ihouse 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 llow controller (Bronkhorst, EIFLOW Select), a 30 cm translational stage (Thorlabs,
LTS300, with a maximum linear velocity of 5 ciis a highpower LED (Thorlabs, M365LP1),
fiber-coupled light source (Ocean Insight, EBA00BAL), and a fibecoupled
photespectrometer (Ocean Insight, Ocean HDX Miniature Spectrometer).
2.5.5In-flow cation doping of Pb-halide PQDs

Continuous metal cation doping of CsPbHQDs was carried out at room temperature in
the modular microfluidic platform shown Figure2-2A. Thewashed CsPb&RDs and MnCl
precursor were loaded in gtght stainless steel (SS) syringes (Chemyx, 50 ml) under inert
condition. To achieve Hflow concentration tuning of the dopant precursor, the dopant solvent
(ODE) with the same ligantb-solvent atio (OAm:ODE) was prepared and loaded in another SS
syringes under inert condition. Fluorinated e
OD) was utilized to connect the precursor syringes tehafshelf T-junctions and a custom
designed polyetheether ketone (PEEK) foway j uncti on. The FEP tubin
OD) was also used to fabricate twalime static micromixers with the dead volume of 2 pl for
intensifying the microscale mixing efficiency of the chemical precurSsfS18The
concentrated MnGlprecursor and dilution solution streams were directed to athefhelf 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 stiga@l, and

washed CsPb&RDs were mixed in another-series Fjunction and braided micromixer to
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achieve a homogenous reactive mixture before entering the modular microfluidic reactor. The
premixed cation exchange reaction solution and the ineriecdiuids (.e., Ar and PFO) were
then directed to the modified PEEK crgsaction to form a thre@hase flow throughout the
flow reactor (FEP t ub i-flowgcatioddoding pjocés®was dccui@taly OD) .
and thoroughly monitored at difiemt residence times along the flow reactor without changing
the precursor flowrates.€., mixing timescale). The mobile thrpert 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 Cs@bGI(@Q:) and the
diluted MnCL precursor Q2=Q2-1+Q2-2; whereQ..1 andQ.-2 are thevolumetric flow rates of the
concentrated MnGlprecursor and the dilution solution, respectively) t@p€)>=1:1. To
establish a stable thrgahase flow at high axial flow velocity (Video S1) for reactlonited
kinetic and mechanistic studies of traion 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 acss all optical monitoring ports along the flow reacfor.
2.5.6Flow cell validation

A 1 mmx10 mm quartz cuvette was used forliwfé absorption validation of tha-situ
obtained spectra via the thrpert flow cell installed on the traslational stage. Moreover, the
accurate PL spectroscopy by the mobile flow cell was validated, using atognieh
spectrometer (Edinburgh FS5). As showirigureA-8, thein-situ obtained absorption and PL
spectra from the microfluidic platform matchie@ spectra obtained from the offline

measurements with the quartz cuvette and PL spectrometer.
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2.5.70ffline characterization

The washed CsPb&DDs and Mrdoped CsPbGIQDs were analyzed using
transmission electron microscopy (TEM) andaay 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 byodisimg the PQD solution
onto a copper TEM grid (Ted Pella Inc., 200 Mesh Garbilm). To characterize the crystalline
structure of the iflow synthesized Mrdoped CsPbGIQDs, XRD patterns were recorded by a
Rigaku SmarttabXXay di ffractometer equipped with Cu
at 40 kV. Supplementary elemahimapping was carried out using the energy dispersikayX
spectroscopy (EDS) of FEI Talos F200X. Electron paramagnetic resonance (EPR) spectroscopy
measurements were conducted using a Bruker ELEXSYS EG®¥ny CW Spectrometer. The
washed CsPbeRDs aml Mn-doped CsPbGIQDs were dispersed in hexane and characterized
at roomtemperature 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 CsPbGIQDs. The PLQY measurement was conducted in a 10 mmx10 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 stutfié>!
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CHAPTER 3: Autonomous Nanocrystal Doping bySelfDriving Fluidic Micro -Processors

Bateni, F.; Epps, R. W.; Antami, K.; Dargis, R.; Bennett, J. A.; Reyes, K. G.; Abolhasani, M.
Advanced Intelligent Systerf&22, 2200017.

3.1 Abstract

Lead halide perovskite (LHP) nanocrystals (NCs) are consi@erednerging 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 synthearsl processing parameter space of LHP NCs in
combination with the bateto-batch and latto-lab variation problems further complicate their
progress. In response, we present adm@ing fluidic micro-processor for accelerated
navigation through the cortgx 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 laborefficient 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 micrprocessors for accelerated fundamental studies of tthewn
metal cation doping of LHP NCs. The surrogate model of the sequenigd bathange and
cation doping reactions of LHP NCs is then utilized for five cldseg synthesis campaigns
with different target NC doping levels. The precise and intelligent NC synthesis and processing
strategy, presented in this work, can be furtipgliad towards the autonomous discovery and
development of novel impuritgioped NCs with applications in negéneration energy
technologies.
3.2 Introduction

Lead halide perovskite (LHP) nanocrystals (NCs) have recently emerged as a promising

class of enggy materials with intriguing optical and optoelectronic properties, including high
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defect tolerance, neanity photoluminescence quantum yield (PLQY), high color purity, and
facile bandgap tunability#>+34198200 pye to these unique properties, LHP NCs have
demonstrated outstanding performance in energy technologies and devices, including solar
cells>201:202)yminescence solar concentratdi¥2°3light emitting diodes (LEDsY®?**and
photodetectorss?-16

Metal cation doping of LHP NCs with transitionetal ions €.g.,copper, manganese
(Mn), zinc, nickelp through partial replacement of lead tBbons can introduce new
functionalities and enable tuning of optical, electronic, and/or magnetic properties of the host
NCs1’%11For example, metal dah doping of cesium lead chloride (CsPYQICs with Mn
can increase the total PLQY of the NCs by 30 folds, while introducing a neindvined red
orange emission windo%>?°The solution processibility and ionic nature of LHP NCs allow
for numerous synthetic routes for ithgynthesis, bandgap tuning, and impurity doping through
onepot or multistage 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 -chtmed LHP NCs makes it
challenging to conduct both fundamental and applied studies of these NCs using conventional
manual onet-a-time experimentation or combinatorial screening techniglfe€® The recent
emergence of machine learning (ML) and artificial intelligence-fAilided reaction space
exploratiorf®® 215 and optimizatioft®2?!strategies provide an exciting opportunity to reshape the
parameter space exploration of complex reactions across multiple length saa|&&Y
synthesis and doping) using autonomous experiment&fidi:>1*Over the past five years, the
concept of Ml-guided experimentation has been applied to a wide range of organic and

inorganic syntheses, including pharmaceutié®lsetal electrocatalyst$! carbon dot$?? and
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magnetic resonance imaging ageitas well as nanoparticl@s!8”219224The closedoop ML-
guided optimization techniques vary from bldui@?® to informed?®-??’modeling techniques.
The key to achieving an accelerated synthesis science studies of LHP NCs is an
aubmated, reproducible, and matergdficient 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 synthesisuegdtmjdatch
reactors (flaskbased 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 utilipatin closedloop exploration of LHP NC
synthesis and processing parameter spac&*Fluidic micro-processors, defined as microscale
processing units which may operate different chemical/physical procesfesi®ife.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 expdatian technique for autonomous
synthetic route discovery and accelerated reaction space exploration of colloidal*Rié<:22°
Our research group has recently developedréficial Chemisttechnology, that is a
robo-fluidic experimentation platform for autonomous singled multistage synthesis and
multi-objective optimization of colloidal NC¥:'8In addition to absedloop formulation
optimization, we have recently demonstrated the potential of the in-genseated data.¢.,
experimental data sets that are generated with the same robotic experimental platform in a
research lab) using fluidic micq@rocessors fosurrogate modeling of material synthesis in
flow.?3%In this work, we demonstrate the application ofAntificial Chemistto fundamental

and applied synthesis science studies oaihettionrdoped LHP NCs using cesium lead bromide
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(CsPbBg) NCs and Mn as the model LHP and impurity dopant, respectively. First, we
demonstratefor the first time sequential halide exchange and cation doping of LHP NCs with
an experimentally accessitparameter space exceeding 1.6%{iCe., total number of possible
experiments calculated based on the accuracy and range of the fluid delivery module). Next,
usi ndgitaldawind of t he hAatificlbWChemest thatfis an dcairate 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 closédop multistage synthesis of Mdoped LHP NG with multiple
optimization campaigns using an active learning (AL) strategy. Specifically, we assess the role
of in housegenerated prior knowledge on the accuracy of the informative surrogate model to
minimize the overall experimental cost for buildithg most accurate ML model of the Mn

doped LHP NCsife,, closest to the ground truth). Figurd 3lustrates an overview of the self
driven multistage fluidic micreprocessor for accelerated fundamental studies and autonomous
synthesis of Mrdoped CsPIgl/Br)s NCs. The presented Mguided flow chemistry
experimentation technique can enable accelerated and accurate mapping of complex formulation
synthesisproperty relationship of a wide range of energhevant materials beyond LHPs

towards informed mate& synthesis with targeted optical or optoelectronic properties, as well as

mechanistic understanding.
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Figure 3-1. Conceptual illustration of the satfiving multi-stage fluidic micreprocessor for
autonomous synthesis and optimization, as well as accelerated fundamental studies of metal
cation doped LHP NCs.

3.3 Results and discussion

The developed sellriving fluidic micro-processor for the autonomous halide exchange
and cation doping of LHP NCs is shown in Figur2A8 The hardware of the rodtuidic self-
driving platform includes(i) fluid delivery module which automatically centralizes the network
of 10 inpu fluid streams (9 liquid and 1 gas). All the individually controlled input streams result
in the formation of three main precursas, (P2, P3) defined in Table 4. P1 represents the
starting CsPbBrNCs precursor that is diluted with toluene (TOL) . P> represents the
halide exchange precursor which includes tin chloride ($r&SIthe halide source along with
oleylamine (OAm) and oleic acid (OA) as the ligands. We selected; 8a@e halide source
because of its previous success in Mn dopings®bC4 NCs compared to other chloride
salts!®® P; represent the metal cation dopant precursor that is comprised of manganese acetate
(Mn(Ac)2) as the Mn source dissolved irottadecene (ODE) and activated with OA. Within
each closedoop experimental iteration of the Mguided optimizatia campaign, the

formulation of the three main precursors is autonomously adjusted. The volumetric flow rates for
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each input liquid stream, selected by the experirselgction algorithmif., the decision

making policy under uncertainty), are automaticalbplied to the precursor delivery module (9
computercontrolled syringe pumps for controlling liquid strean(s).The reaction module
consists of two irseries fluidic micregprocessors for sequential halide exchange of CsNBs
(micro-processor 1)rad cation doping of CsPb(Cl/Brjmicro-processor 2). The UV

illuminated images of the halickxchanged and catiadoped LHP NCs in their corresponding
fluidic micro-processors are presented in Figu8-&B and3-2C, respectively. The halide
exchange redion takes place in mickprocessor 1 by Hlow mixing of the CsPbBrNCs and
SnChk precursors formulated frofw andP. streams, as the reactive phase in a tprexse (gas
liquid-liquid) flow configuration. The threphase flow format, using argon (Aa% the spacer
between the reactive phase droplets and perfluorinated oil (PFO) as the inert carrier fluid, is
specifically selected to allow for facile salfnchronized sequential addition of the cation doping
precursor into the moving reactive phase leemvmicreprocessors 1 and'®”-?*'Following the
halide exchange reaction, the cation doping reaction occurs in-priscessor 2 through-imne
injection of Mn(Ac) precursor Ps) into the moving reactivphase droplets containing
CsPb(CI/Br} NCs, without an intermediate NC washing/pigafion stage in the workflowiii)
The online NC characterization module is utilized for-t@ak in-situ monitoring of the
photoluminescence (PL) spectra of thdlow synthesized NCs through two custonachined
flow cell modules integrated at the outlets of each fluidic rzaxessor. An optical switch is
used to automatically control the successivending of PL spectra corresponding to the halide
exchange and cation doping reactions. The obtained PL spectra from both flow cells were
validated using a bendp PL spectrometef(gure B1). Bothin-situ obtained PL spectra were

utilized for investigatig the thregohase flow uniformity in each fluidic micforocessor. An
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automated data processing algorithm ofithsitu obtained PL spectra was also developed to
identify the optical properties of the catidoped LHP NCs. The excitonic PL peak wavelangt
(Ep) and Mn:exciton emission peak area raRg)( automatically extracted from tlie-situ
obtained PL spectra of the-flow synthesized LHP NCs were utilized as the two output
parameters of the sdliriving fluidic micro-processor. The overall opexatal workflow of the
inter-connecting modules applied in the autonomous fluidic rpcozessor was controlled by
an inhouse developed process automation code (LabVIEW)reB-3 shows the photographs
of the developed modular seifiving 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 Composition Description
stream
P1 Starting CsPbBrNCs and TOL Inline-diluted CsPbByNCs
P, Starting SnC| precursor, OAm, OA, Inline-diluted halide exchange
and TOL precursor
P, Starting Mn(Ac) precursor, OA, and  Inline-diluted cation doping
ODE precursor
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Figure 3-2. (A) Schematic illustration of the sdlfriving fluidic micro-processors used for
successive halide exchange and cation doping of LHP NCsllwnnated images of the reactive
phase droplets during the Mjuided (B) halide exchange and (C) cation doptages. Temporal
PL spectra of (D) the halide exchange reaction of CsfPNBs with SnCJ, and (E) the cation
doping reaction with Mn(Ae) The subplot in panel (E) shows the time evolutioRofeaching

a plateau within 60 s. (F) Schematic illustrationte&hporal 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-dgifing fluidic micro-processors,
we studied the slowest reaction time within each mprozessor. 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-pemttion completion. The temporal PL spectra
for the slowest halide exchanged cation doping reactions are presented in Figg8& and3-
2E. The temporal PL spectra for both halide exchange and cation doping reactions were obtained
by keeping the total volumetric flow rate constar.(constant mass transfer rate) and vayyin
the position of the flow cell along the flow reactor to achieve different reaction (residence) times
under the same precursor mixing timescale (FiG2€). As shown in Figure3-2D and3-2E,
the halide exchange and cation doping reactions reach cangle#d5 s and 60 s,
respectively*>231 Therefore, fluidic micreprocessors 1 and 2 were iged 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 aspds of the developed setfriving 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 extendeedi per
of time, (iii) reliability of the inline precursor injection, and (iv) reproducibility of thefiow
NC synthesis. Thus, in the next set of experiments, we conducted a series of flow
characterization and sampling precision experiments. The stetelyirsta is defined as the
duration of waiting time from triggering the precursor delivery module until uniform and well
mixed droplets of catiecdoped LHP NCs reach the online characterization module placed after

micro-processor 2Zrigure3-3A shows the teporal evolution oRa over 10 min for three
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different formulations of Mn:CsPb(CI/BfNCs. As can be seen igure3-3A, 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 multistage fluidic micreprocessorg-igure3-3B illustrates the reproducibility of the

modular fluidic micreprocessor for a specified synthetic condition (x0.03) alternating between
five randomly selected synthesis conditions. Furthermore, the uniformity and stability of the
threephase flow beforerad after inline cation dopant precursor injection were characterized by
recording then-situ PL intensity of LHP NCs after each fluidic mieppocessor at 400 nm.
Figure3-3C presents the pattern of the PL intensity variation (400 nm) of the piisesesflow

over 1 s. The brigkiield image of the threphase flow format inside the fluidic micprocessor

with their corresponding zone in the 400 nm PL plot are showigimre3-3C. The time
duration for t he tmwasanedasured everp dfar 4emindiguoep-3Det , @
shows t he tr antsevergOmin anddlusirates thestability 6f thephpbase flow
configuration before and after theline precursor injection within 6 min. The Fdturier

transform (FFT) of the 400 nm Rhtensities at steady state, before and after thieeén

precursor injection point (between migpoocessors 1 and 2), are showirigureB-3, revealing

a dominant frequency of 3.0 Hz and 2.6 Hz before and aflerannjection, respectively. This

resut suggests a quabkiarmonic behavior for the droplet formation in the tipbase flow

format. The results presentedrigure3-3 demonstrate the sampling precision, flow uniformity,
and reliability of the developed selfiving fluidic micro-processordr autonomous navigation

through the multivariate reaction space of catioped LHP NCs.
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Figure 3-3. Characterization and sampling precision of the-delfing fluidic micro-processors.

(A) Steadystate time measurements for three distinct synthesditaans. (B) Sampling precision

and reproducibility of the modular fluidic micfrocessors for a specific Mn:CsPb(CI/BNC

reaction condition (condition 1) tested against 5 randomly selected reaction condition (condition

i:1 to 5). (C) Visualization ofhe transient PL intensity pattern of the thpdmse flow at 400 nm

corresponding to the reactive and carrier phases. The inset shows diéldghtage of the three

phase flow (AfPFQreactive 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 @) obtained from PL intensities recorded at 400 nm in the {binese flow before and

after the inline cation dopant precursor injection. PL irreggon time: 10 ms.
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3.3.2Autonomous RobagFluidic Experimentation
The search for the optimal synthesis conditions in the-tigifensional chemical space
of metal catiordoped LHP NCs is a tim@nd resourcéntensive endeavor. Even high
throughput combirtarial screening platforms require multiple human expert interventions to
partially navigate around the local optima. In this work, we demonstrate that-gnidéd
modular fluidic micreprocessor can significantly expedite the NC synthesis space exqtorati
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 angyéitled decisionmaking under
uncertainty within a Bayesian optimization framework wiita multistage fluidic micre
processors to rapidly build an accurate surrogate moegldigital twin) of the sequential halide
exchange and cation doping reactions. The clbs@ol experimental campaigns included (i)
autonomous experiment selectiorngsuncertainty quantification within a Bayesian framework,
followed by (ii) automated formulation, twstage reaction, and data acquisition and analysis,
followed by ML model training. Building on our prior results, we opted to use an ensemble
neural netwrk (ENN) for modeling the sequential halide exchange and cation doping reactions
in the fluidic micreprocessors and simulate the multivariate reaction space of Mn:CsPb{ClI/Br)
NCs. ENN have shown their efficacy for efficient navigation through suchhedimgensional
reaction space even without access to prior knowlgthjéBayesian active learning was
utilized both for autonomous learning of the mslthge LHP NC materials chemistry and
accelerated formulation optimization for desired NC optical properties with minimum
experimental cost. A weighted nondimensionalized coatimn of both system outputSg and
Ra) is defined as the objective functia(x), which is then used for the autonomous decision
making (.e., intelligent experiment selection) based on the goal of the eclospccampaign: (i)

AL -guided data collectiofor surrogate modeling (explorative decision policy), or (i) 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 éwdependent 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 fx). The description of the 6 individual nondimensionalized input

parametes used by the ENN to create and update the surrogate model is presdiaieie 3-2.
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Once a global learning of the complex muskiage reaction is obtained (Ajuided reaction
space exploration), an exploitative search using the pure exploitation (E€¢i$ipd 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 forP;
X2 SnCl precursor folP,
OAm input for halide exchange precurso
e (P)
X4 OA input for halide exchange precursBe)
Xs Mn(Ac). precursor foiP3
Xe OA input for cation doping precursd?)

R-squared R?) of the ENNpredictedvs. experimentally measured valuesgfandRa
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 awell as the initial closelbop MV experimental budget for building the
most accurate surrogate model of the sequential halide exchange and cation doping reactions of
LHP NCs.TableB-1 shows the comparison of the surrogate model accuracy, built using
different MV library sizes (140 experimental iterations). As can be seen in TBHe 60 MV
experiments resulted in the highest surrogate model accuracy. Rgdheand 4B show all 60
Er andRa data points, respectively, obtained using thedelfing fluidic micro-processors
guided by an MV decision policy. The obtairggdandRa values vary from 404 nm418 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 stud8cENN architectures (100 cascefdevard NNs
for each ensemble) by randomly varying the number of layers and nodes-t@nar2d from 1

10, respectively. The surrogate model performance of each ENN configuration was tested 5
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times.FigureB-4 presents tt model accuracy plots for the averagg@@dndRa training and

testing data sets over 5 trials of each ENN architecture with respect to training time and total
number of parameterdlf) (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\p was found to be the configuration with randomizesi layers and 1.0

nodes per layer. Next, we utilized the optimized ENN architecture to buildayatermodel 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 Big@dF. The model
accuracies for all the training and testing data sets shown in BgielF indicate that the
developed surrogate model can serve as an accurate digital twin of ttievaedf fluidic micro-
processors for the (i) closédop Mn:CsPb(CI/BRNC synthesis and (ii) accelerated
formulationsynthesisproperty relationship mapping used for the fundamental mechanistic

studies of the sequential halide exchange and cation doping reactions of LHP NCs.

420 16 c 420
R*=0.98
e
e A4 .
416 ° 12 N 9’9
=
° 2% e L e o 2 .
g & @ ° @ bR &2
£ ] 2 )
£ - 9 =08 e ? (] g
= .0 @ ° > RS
& [® o “9 ? 99 % s o £ o
PaZpe ° %, % °s #° o o =
‘o?"g ﬂﬁo 3% %2 @ n,-:,’ cu ° oo g ° &
° o "oogie
oo 2 s o %% 3 L™ ] @
400 T T T T T — T T T
20 ) &0 20 ) 80 404 408 412 416 420
is is EP,train,measured
D . E F
RZ=0.93 7 R=0.95 . R?=0.86
’ 12 ° 12
416 e o
. = )
g > £ ' | g °
£ o 4 s =} -
T ?- T ] 3" s .79
= 9 & = @ 3 ) %
2 408 &!:'} E o a'l g e
& ?x o 04 3‘33’0 o 04100 B2
i ’ e 7
- e .-
404 - ,?& ° @
-y i
T T ) ) 00 ad 0942
04 408 412 416 420 00 04 08 12 00 04 08 12

Eptest,measured Ra,train,measured Ry test,measured

Figure 3-4. Development of the digital twin ahe selfdriving fluidic micro-processors. The
experimental data points of (Ajr and (B) Ra obtained using the MAguided closedoop
experimentation. Surrogate model accuracy plots using a-8pIBaraining and testing sets for
(C-D) Erand (EF) Ra.
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3.3.30n-Demand NC Doping

The autonomously generated prior knowledge of the material chenistryhe digital
twin) can be utilized for the informed precision synthesis of metal cdiped LHP NCs with
desired optical or optoelectronic propertiesiclosedoop fashion using an exploitation
decision policy (EPLT). With the setfriving fluidic micro-processor, we autonomously
conducted five closetbop LHP NC doping campaigns to assess the reliability of the developed
system in dealing with the ceentional batcko-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(GIBOs for five distinciRa values
(i.e., Mn dopng levels) within a budget of 10 exploitative experimental iterations for each
optimization campaigrfigure3-5A presents the performance of the sklf/ing fluidic micro-
processor for the autonomous synthetic route optimization of eatipad LHP NCso achieve
the five targetedRa values. Transmission electron microscopy (TEM) image of tfiew
synthesized Mn:CsPb(CI/BrINCs for each optimization campaign is shown next to its
corresponding EPLT performance plots. The results showigire3-5A, illustrate that despite
the batckto-batch variations originating from a fresh batch of precursors (different than the
batch used for the surrogate modeling), thedelfing fluidic micro-processor can identify the
optimal synthetic route of Mn:CsPb(CHBNCs 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 targefedvalues (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 &a value greater than 1.3. However, the unique extrapolative

characteristic bthe ENN modeling, utilized in our setriving 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 traininglableB-2 summarizes the optimized volumetric floates for obtained
for each closedbop optimization campaign. The TEM images showRigure3-5A indicate a
uniform and similar size distribution of the Mioped CsPb(CI/B§)NCs (sed-igureB-5 for the
large field of view TEM images of the same NC sarspl®oreover, the cubic morphology of
the pristine CsPbBINCs was preserved after the sequential halide exchange and cation doping
reactionsDespite the success of the EPLT decision policy in achievirdpamand NC doping
within the defined experimenthldget (10 trials), it should be noted that there might be a pareto
front for each target metal cation doping level (Mn doping lesdbtal PLQYvs LHP NC
concentration). Future developments of the presentediseifig fluidic micro-processor in this
work with incorporation of additionah-situ characterization techniques (absorption
spectroscopy and total PLQY) in combination with pareto fsmetcific decision policies, using
a similar closedoop autonomous experimentation framework, will be aéblepidly identify
the pareto front of each target metal cation doping level.

The PL spectra of the optimized Mn:CsPb(CI&\Cs from each closeldop
optimization campaign are shownkigure3-5B. As can be seen Figure3-5B, by increasing
the Mn dojing level Ra), the full width at half maximum (FWHM) and location of the excitonic
PL peak remained unchanged, while the Mn peak washiigd. This observation is in
agreement with our previous findings indicating the existence of a heterogeneocs dopiag
mechanism on the surface of the LHP N€dn the case of heterogeneous surface doping, the
size distribution of NCs remains constant, winidhomogenous NC doping the overall size of
Mn-doped NCs shrinks, due to the smaller ionic radius of*tms28? Such phenomenon

accounts for the preservation of FWHM and tama of the excitonic PL peak, while increasing
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the surface doping level. FigurBs6A andB-6B show the Xband electron paramagnetic
resonance (EPR) spectra of the pristine Cspait Mn:CsPb(CI/Be)NCs. Upon Mn doping, a
broad EPR peak centered3&tl5 G was obtained, which confirmed the successful incorporation
of Mn?*ions into the outer surface of the host LHP NCs. Typically, the EPR spectra for Mn
doped LHP NCs includes a six hyperfine splitting proftfés®’However, the presencé such a
broad EPR peak indicates the strong?MiMn?* interactions with reduced neighboring distance
as a result of high concentration of #Meenters around the outer surface of NCs. The
relationship betweeRa and Mn concentration in Mn:CsPb(CI/BNCs is shown irFigureB-
6C.2%2Moreover, the exciton, Mn, and total PLQYs were measured for all five autonomously
synthesized Mn:CsPb(CI/BrINC samples using the salfiving fluidic micro-processor, and are
summarized iMableB-3. As can be seen in Talde3, it is clear that by increasimiRy, 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.
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Figure 3-5. EPLT autonomous closddop optimization campaigns using the sdiliving fluidic
micro-processor. (A) Representation of beghditionso farRa values during the EPLT search

for 5 distinct optimization campaigns using a 10 experimental iteration biadgeich 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(CG/RBEs for each optimization
campaign.
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3.3.4Accelerated Fundamental StudiesfoLHP NC Doping

The vast synthesis and processing parameter space of colloidal NCs in combinations with
the aforementioned challenges of @at&-time batch experimentation strategies, complicate the
fundamental understanding of the bandgap tuning aneshgopechanism of LHP NCs.
Understanding the underlying halide exchange and cation doping reaction mechanisms can
facilitate the design and precision synthesis of4gexteration LHP NCs for solutigorocessed
energy and chemical technologies. In this se¢tiee demonstrate the power of the iguided
surrogate modeling of the complex tstage 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 seHdriving fluidic micro-processors constructure by Mjuided autonomous
experimentation can facilitate the navigation throughout the reaction space of metatiopgdn
LHP NCs.

In the first step, relying on the accuracy and predictive knowledge of the developed
surogate 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 tuniegditenic PL peak
wavelength and cation doping of LHP NCs (Fig3ésA and3-6B). In the Shapley plots,
shown in Figure8-6A and3-6B, all independent input parameters, known as the plot features,
are ranked from the most effective one at top to tret legportant at the bottom. For each
individual featurei(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 lineotvards the positive SHAP values, the associated input parameter

leads to enhancement of the output vaksof Ra), andvice versaFor instancefigure3-6A

89



presents the SHAP values s and implies that the concentrations of Sn&b), NCs K1), and

OA (X4) have the highest impact on tuning the exter-dh this system. Based on this analysis,
high concentration of Sngtesults in decrease &b which is due to the completion of the halide
exchange reaction (micarocessor 1) and moving towarde tformation of chlorideich LHP

NCs with lower peak emission wavelengths. Also, increasing the concentration of the starting
pristine CsPbByNCs (X1) can increas&p, as the halide salt precursors are not available enough
to complete the halide exchangactions. Additionally, as shown igure3-6A, increasing the
OA concentration results in an increas&pfalues as extra oleate ions in the reaction
environment avoids chloride exchange reactions to happen due to the removal of & OAm
ligand shell from the surface of the N&§232Similarly, SHAP analysis dRa values shown in
Figure3-6B reveals that concentrations of SaODA-TOL, and Mn(Ac}are the most important
input parameters affecting the extenRaf Further information regarding the effect of each of
the identified key parameters &a values is provided iAppendix 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 parametersShyphey analysis
were selected to investigate their collective effect on the resttingdRa values of LHP NCs
using the developed digital twin of the sdtiving fluidic micro-processors-igures3-6C-H
present surface plots obtained from the diduah, revealing the impact of each two selected
input parameters (two out of the top threaeked SHAP features) at three separate levels of the
third parameter (the third feature out of the top thiesdked SHAP features not selected as X or
Y axis) on loth Er andRa, while considering a constant value for the rest of the input

parameterdrigure3-6C presents the effect of the concentration of a8t OA orRa at three
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different concentrations of Mn(Ag)Similar to the outcome @&a Shapley plot, its clear that
regardless of the concentration of OA, increasing the concentration of&r@hces the metal
cation doping of CsPb(CI/ByNCs. Moreover, at low concentrations of Sp@lis expected to
obtain low metal cation doping levels, and the cotregion of OA does not appear to have a
significant impact on the extent Bi. However, at high concentrations of SpGthe

accumulation of OA results in lowering the metal cation dopng to the aforementioned ligand
detachment issues on the surfatéhe LHP NCs. In addition, increasing the concentration of
Mn(Ac)2 results in higher cation doping of CsPb(CIEXCs, due to the higher availability of
cation dopants in the reaction mixture. The surface plots preserfegline3-6D reveal that at

low concentrations of OA in the reaction mixture, increasing the concentration of Mn(Ac)
results in enhancement of cation doping levels in CsPb(GIN&¥. However, in the presence of
high concentrations of OA, increasing the concentnadioMn(Ac). beyond an optimal value has
a diminishing effect of the cation doping level of CsPb(CHBIEs. This behavior may be
attributed to the diffusional limitations induced by exces$*Nnd oleate ions for conducting

the surface doping reactiorddoreover, 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 presenteéigure3-6E reveal that at low concentrations of SyCl
increasing the concentration of Mn(Adecreasethe 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 dojpicgsgr Furthermore, at

high concentrations of Sng{lincreasing the concentration of Mn(Adpes 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 areefillwith the dopants. Moreover, the results shown in
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Figure3-6E suggest that increasing the concentrations of Se&ults in enhancing the metal
cation doping level. This observation can be explained by the fact that increasing the
concentration of chlade sites in the NCs can increase the possibility of cationic exchange
reaction between the activated MBCIAm complexes and the PBEDAm unit cells, located at
the outer surface of NC& 231

Figures 36FH reveal the synergistic effects of the concentration of Spdbktine NCs,
and OA on the excitonic PL peak wavelength. The analyses of thejg@serface plots
(Figures 36FH) further confirm the mechanistic analyses obtaiinech the SHAP values dp
values,shown inFigure3-6A. Briefly, increasing the concentration of Sa@iovides the driving
force for moving towards the completion of chloride exchange reaction in-pricoessor 1 and
we expect to see a bhshift in theexcitonic PL peak wavelength. However, higher initial
concentration of the pristine CsPBBICs at a constant Srf@loncentration will only achieve a
partial chloride exchange reaction in mignmcessor 1i,e., higherEp values. Moreover, the
existenceof excess oleate ions is detrimental for the sequential cation doping reaction, as they

impede the completion of the halide exchange reaction.

92



>
E
S
o0
£
&
g
(2]
o

i
i" 1
1
= '
o< <

Feature
e
Feature Value
Feature
JEaNIE RS
Feature Value

B0 < <

T

e
=<

>

o<

o 1 2z v 1 0
SHAP Value SHAP Value

(E,) (R)

X=05
E— X-09

X=09

X=Xy X2=XSnCI4 X =Xommio. X oaror

X=Xy X=X

Mn(Ac), 6 " OA-ODE ’

Figure 3-6. Accelerated fundamental studies of sequential halide exchange and cation doping
reactions of LHP NCs using the digital twin of the fluidic miprocessors. Shapley additive
explanation plots of (Aler and (B)Ra. (C, D, and E) Surface plots showing taergistic impact
of the three most important input parametersRan (F, G, and H) Surface plots showing the
synergistic impact of the three most important input parametedgs.on

Considering the results of our accelerated mechanistic studies usingitdlehin of the
fluidic micro-processors, in combination with the-&iffe characterizations of the-flow
synthesized Mn:CsPb(CI/BrNCs, we propose a heterogeneous surface doping mechanism for
the developed sequential halide exchange and cationglogactions. CsPbBKCs have a
ligand shell consisted oftype OAmMBr and OAmOA complexes bound to the surface of NCs
besides oleate ions attached to Cs or Pb by occupying the halid@sit@sirification of the
CsPbBg NCs with methyl acetate can remove major portion of oleate ronsthe ligand
shell?®2resulting in formation of numerous Pland C$ vacancies on the surface of NCs. Also,
further dilution of the washed NCs can result in breakage of the-BAbindings, and thus the
formation of additional surface defects. Thus, the surface defects of the starting {3¢€6Br
include detached ligands and localized trap states due to thatifmmrof truncated octahedra and

Br vacancies. In the first stage, the halide exchange reactions are conducted-jprotessor 1
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with the SnC}-OAmM-OA complexes. As a result, excess freea@tl OAnT ions are introduced
around the NCs. Next, dbns can fill the bromide vacancies or halide exchange reaction can
happen between @Am and BFOAm unit cells. Then, oleate ions can attach to Cs and/or
occupy halide sites by attaching to®Pin the truncated octahedral at the surface of NCs. If the
concentration of OA (oleate ions) increases, the G&mr OAM-Br ligand shell is removed by
detaching OArfions bound to the surface of NCs, resulting in deterioration of the!N@iso,
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, Mn?* 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 A units at the surface of NCs; Second, delr@mon the
composition of the halide exchange and dopant precursors, high concentratiorts an®gi
ions in the reaction mixture can result in the formation of the M@®@Im unit cells and their
further replacement with the PeE@DAm unit cells at th outer surface of NC§%2*1Once all the
surface PB ions are exchanged with Mfiions, the redton reaches to its completion.
3.4 Conclusion

In summary, we developed an autonomous 1ftlidic experimentation strategy for
accelerated fundamental studies and cldsed synthetic route discovery of colloidal NCs with
multi-stage chemistries. Specifically, we utilized the developeedsigihg fluidic micro-
processors for the accelerated formulation optimization and mechanistic studies of the metal
cationdoped LHP NCs. A closeldop active learning strategy within a Bayesian framework was
utilized to rapidly build a digital twin of the setfriving 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 ordemand synthesisid 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 dlospaptimization
campaigns of Mrdoped GPb(CI/Br} NCs with different target doping levels. The unique
attributes of the developed selfiving 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 batcko-batch precursor variations, and (iii) extrapolative search through the
unexplored regions of the reaction space. The accelerated ristichstudies 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 robfluidic experimentation strategy @led 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 naydneration energy technologies.
3.5 Experimental Methods
3.5.1Materials

1-octadecene (ODE, 90%) was purchased from ACROS Organics. Oleic acid (OA, 90%)
and lead bromide (PbBr99.9%) were purchased from Alfa Aesar. Oleylamine (OAm, 70%),
cesium carbonate (&30;z, 99.9%), tin (IV) chloride (SnG) 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 (B tanks were purchased from Airgas. Higgrformance heatdnsfer
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perfluorinated oil (PFO) (Galden HT 200) was purchased from Solvay. All chemicals were used
without further purifications.
3.5.2Synthesis of CsPbBs NCs

The pristine CsPbBINCs were synthesized using the-hgection method reported by
Protesesu etal. with minor modifications. The Csoleate precursor was prepared through
loading 101.7 mg GE€0s, 5 ml ODE, and12.5uL OA into a 20 ml septa vial. The mixture was
kept under vacuum and heated at®@fbr 30 min, and then heated underntdl 150C to
completely dissolve GEOs. The Csoleate precursor was preheated to°C5Before final
injection into the PbBrprecursor. The PbBprecursor was prepared by loading 138 mg of
PbBr, 10 mL of ODE, 1 mL OAm, and 1 mL OA into a 100 mL thresek flask and dried at
120°C for 30 min and heated undes t§ 170C. Next, 1.6 mL of the praeated Coleate
precursor wasjected into the PbBiprecursor, and after 5 s the flask was immersed into an ice
bath. The crude mixture of the CsPbBBICs was then washed using MA as the-aotvent. MA
was added to the crude mixture with a 1:1 volumetric ratio. The mixture wasehgifuged at
8000 rpm for 5 min to precipitate the CsPHRECs. The precipitated CsPBYCs were
redispersed in toluene and the solution was centrifuged again at 8500 rpm for 5 min to remove
large NCS23 The supernatant was further diluted to adjust the initial concentration of the washed
CsPbBg NCs to 4 mM, using the molar extinction coefficient reported in the literattire.
3.5.3Preparation of halide exchange precursor

A 0.06 M SnC} was prepared by adding 38%ub of SnCl, into 50 mL TOL, 2.5 ml
OAm, and 2.5 ml OA underNThe SnC4 precursor was furthetiluted in flow through mixing

with the streams of pure TOL, OATOL (1:2), and OATOL (1:2).
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3.5.4Preparation of cation doping precursor

A 0.12 M Mn(Ac) precursor was prepared by dissolving 1245.8 mg Mn(payvder,
into 50 mL ODE and 10 mL OA. The na¢tation dopant precursor was heated undeatN
150°C for 2 h. A mixture of OAODE (1:2) was used to further dilute the dopant precursor in
flow.
3.5.5Modular Fluidic Micro -Processor

The modular flow synthesis platform was constructed using threemualales: (i)
precursor delivery, (ii) reaction, and (iii) spectral monitoring modules. The process flow diagram
is shown inFigureB-7. The precursor delivery module included 9 automated syringe pumps (7
Chemyx Fusion 6000 and 2 Chenfysion 4000) loaded with gdight stainless steel syringes
(nine 50 mL, Chemyx) and one automated mass flow controller (MFC, BronkhorBtp®&L
Select) for the controlled injection of liquid precursors and Ar into the fluidic ruicoessor.
All the syringes and MFC were connected to the fluidic junctions by fluorinated ethylene
propylene (FEP) tubing (500 em inner di ameter
Both fluidic micropr ocessor s were constructed wusing 750
SnChk, PFO, and Ar streams were directed to a custesigned fivgport segmentation module
to form a thregohase flow in the first fluidic micrprocessor. The pristine NC stream was
formed by mixing a concentrated CsPHRCs solution (4 mM) with purtoluene ina T
junction before entering the segmentation module. The,;St€bam was formed by-ifow
mixing the SnCi precursors in a fomwvay crosgunction (IDEX Health & Sciences) with OAmM
TOL (1:2), OATOL (1:2), and pure TOL streams. Tweline braided tubing were used to
ensure uniform mixing of the CsPhmd Sn(J streams before entering the segmentation

module. The Mn(Ag)stream was formed by-ftow mixing of the Mn(Ac} precursor with the
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OA-ODE (1:2) and pure ODE streams. Thdimne injection of the metal cation doping precursor
into the reactive phase droplet exiting miprocessor 1, before entering miguoocessor 2, was
accomplished through ajlinction. The total flow rates of the precursors in migrocessor 1,
micro-processor 2P FO, and Ar werle 2207 alts.0mi@ahdF00 nmi n
e | . “Ipriespectively. The spectral monitoring module consisted of two cusiachined flow
cells, located at the end of each fluidic miprocessor foim-situ PL spectroscopy ofhe inflow
doped LHP NCs. Each flow cell was connected to a-toaipled UV LED (365 nm, Thorlabs,
M365LP1) as the only excitation light source, and a fimarpled spectrometer (Ocean Insight,
Ocean HDX Miniature Spectrometer) in &80nfiguration. Then-situ PL spectra were
acquired using an integration time of 20 ms. To reduce the digmnalise ratio for the PL
spectroscopy after cation doping reaction, the outlet of Auicmoessor 2 was connected to an
adapter (IDEX union) to increase the FEPinngdD to 1.59 mm (3.18 mm OD). The droplet
formation stability and uniformity within the thrgdhase flow configuration in both
microreactors were studied using the methodology reported in our previou&Woink. travel
time of each phase passing through the flow cell was measured by monitoring thenBiLyiate
400 nm in each flow cell.
3.5.6Neural Network Modeling and Intelligent Experiment-Selection Algorithm

Experiment selection was conducted using an optimized algorithm similar to our prior
work.>* An ensemble of 100 cascade forward neural networks with randomized structure (2to 5
layersand 1 to 10 nodes per layer) were used to model-gfegd@neter input and@arameter
output space. The output parameters included the peak emission waveighgtid(the
Mn:exciton emission peak area ratin). Output parameters were converted to dascalue

using an objective functionz(k), Equation3-1):
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A ™ —— TR — Equation3-1
Where,O and’Y are the measured peak emission wavelength and area ratio,
respectively, anédD andY are the targeted peak emission wavelength and area ratio,
respectivelyThe weights 0.1 and 0.9 were assigned based on the relative import&gemdf
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 policypied ap
for 10 consecutive experimedtaising the Bayesian beliefs trained on the data obtained during
the active learning stadeto reach a target Mn doping level. Exploitation runs were used to
refine the model near the target, but they were not usedtaniaels in subsequent closledp
optimization campaigns. The ENN model was trained oimntsgu measurede, andRa values,
and the model predictions were created relying on the minimizatig(®)of
3.5.7Dimensionless Input Parameters
Given the totaflow 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 o
the belief modeli(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.

o — Equation3-2
o — Equation3-3
0w — Equation3-4
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O — Equation3-5

0 T TV 0 0 0 Equation3-6
o — Equation3-7
o @ — Equation3-8
0 cuTmo 0 Equation3-9

3.5.8RealTime Data Processing

The PL spectra of thedflow Mn-doped LHP NCs were extracted from the mphiag
system using a procedure outlined in our prior wiffkn 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&dor 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 v&uesod
calculated using trapezoidal rule integratecross the relevant wavelength ranges (395 nm to
540 nm and 540 nm to 800 nm). For the final representation of-8it obtained PL spectra, a
secondorder Gaussian fitting was applied to the averaged spectra, similar to the method in our
previous stdy 5%
3.5.9Flow cell Validation

Thein-situ obtained PL spectra of metal halide perovskite NCs using the custom
designed flow cell was validated using a betai PL spectrometer (Edinburgh FSBigureB-
lillustrates the accuracy of tiesitu obtaired PL spectra for both pristine and Maped LHP

NCs against the benchtop spectrometer.

100



3.5.10Purification of Mn -doped CsPb(CI/Bri NCs

The collected Mrdoped LHP NCs were washed with EA as the-solvent with a 2:1
EA:NCs volumetric ratio. Fanstance, 6 ml Mrdoped 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
unreaced Mr?*ions. The supernatant was kept for-lirie characterizations.
3.5.110ffline Characterization

The washed CsPbBNCs and Mrdoped CsPb(CI/Bg)NCs were characterized using
TEM and EPR spectroscopy. To study the morphology of the pristine ged &P NCs, TEM
imaging was performed using an FEI Talos F200 operated at the acceleration voltage of 200 kV.
The washed NC samples were dagsted on TEM grids (200 mesh with carbon coating). The

EPR spectroscopy was conducted using a Bruker ELEXSYS8 K&8and CW Spectrometer.
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CHAPTER 4: SMART DOPE: Smart Dope: Selt-Driving Fluidic Lab for
AcceleratedDevelopment ofDoped Perovskite Quantum Dots
Fazel Bateni, Sina Sadeghi, Negin Orpagffrey 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 cationdoped lead halide perovskite (LHP) quantum dots (QDs) with
photoluminescence quantum yields (PLQY's) higher than unity, due to quantum cutting
phonemona, are an important building block of the1gexteration renewable energy
technologies. However, synthetic route exploration and development of the fpgHesinirgy
QDs for device applications remain challenging. In this work, we pr&meatt Dopewhich is a
selfdriving fluidic lab (SDFL), for the accelerated synthesis space exploration and autonomous
optimization of LHP QDs. Specifically, we focus on mugtion doping of CsPbGIQDs using
a onepot hightemperature synthesis chemistgymart Dopecontinuously synthesizes multi
cationdoped CsPbGIQDs using a higipressure gakquid segmented flow format to enable
continuous experimentation with minimal experimental noise at reaction temperatures up to
255°C.Smart Dopeffers multiple functionalities, including accelerated mechanistic studies
through digital twin QD synthesis modeling, clodedp autonomous optimization for
accelerated QD synthetic route discovery, andl@mand continuous manufacturing of high
performing QDs. Through these developme8tsart Dopeautonomously identifies the agptal
synthetic route of Mf¥b co-doped CsPbGIQDs with a PLQY of 158%, which is the highest
reported value for this class of QDs to d&mart Dopellustrates the power of SDFLs in

accelerating the discovery and development of emerging advanced erategiais
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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 oftphic and energy devicég®:290.233These
ionic QDs exhibit exceptional optoelectronic properties, prominently characterized by their high
photoluminescence qutum yield (PLQY), narrow emission linewidth, and the ability to tune
their emission color through size and compositional modificati&¥$2Consequently, they
serve as versatile building blocks for an extensive array of optoelectronic applications, including
light emitting diodes (LEDs)?*?*4lasers'®® photodetectors$® and luminescent solar
concentrators (LSCs§22%

Impurity metal cation doping has emerged as a promising strategy for enhancing and
tailoring the applicatiorspecific properties of LHP QDs with high pision and versatility31-236
Transition metal and lanthanide ions, such as mangane<é) @ma ytterbium (Y8, when
incorporated into LHP QDs as metal cation dopants, not only introduce additional emission
windows induced by the internal Mhd and Ybf-f states within the visible and neafrared
(NIR) regions, but also introduce novel magnetic and do@nversion properties to the host
LHP QDs170194.237243 This unique and tunable integration of impuritgtal cations significantly
enhances light harvesting and-cgnversion capabilities of LHP QDs, leading to their improved
performance in energy devices, particularly downconverters, and 1¥%€s,

The incorporation of multiple impurity metal catidopants 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 tti¢ synthetic reaction space of pristine LHP 31g%4246 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, syntibeoute discovery, and optimization of mutttiondoped

LHP QDs with conventional batdbased trialand-error methods are tirreonsuming and laber
intensive and lead to substantial materials consumption (cost) and waste gerEr&tiéf

Clearly, conventional onat-a-time manual experimentation methods are inadequate to reach the
required development pace of LHP QDs. Thus, theaesignificant need for an alternative
materials development platform.

The recent emergence of machine learning (sl&disted closelbop experimentation
approaches, known as séliiving labs (SDLs), offer a promising solution to expedite the pace of
mateials discovery, development, and optimizattérf’ 20824251 These autonomous
experimentation platforms leverage process automation and advanced ML algorithms to
automate the experimental workflow itematiof 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 datdriven exploration of the chemical sp&é&2°° Over the past tiee years,
proof-of-concept SDLs utilizing batch reactors have been demonstrated for rapid exploration and
synthesis of advanced functional materials, including metallic and semiconductor nanopatrticles
and thinfilm materials?10-256259

The majority of existing SDLs for materials development have relied mainly on-batch
based experimentation techniqudswever, batch reactors inherently suffer from several
limitations, including the discontinued nature of experimentation, irreproducible heat and mass

transfer rates, and limited accessibility ifoisitu characterization techniques, resulting in
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materials, cost, and timeintensive procedures within an SH1:244245 These issues are even
more manifested in the synthesis of maktiondoped LHP QDs due to their fast nanocrystal
formation kinetics anthe 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 higiuality experimental data with minimum experimental né{&é>!
These higHidelity experimental data senas the foundational pillars for data science tools of
SDLs employed for automated modeling and subsequent expeselention tasks within the
autonomous experimentation approach. However, thedonsuming nature of manual or even
automated samplingdm batch reactors presents a significant bottleneck in providing the
necessary large volume of higlality experimental data to ML algorithms embedded in SDLs,
impeding their ability to navigate accurately and efficiently within the vast chemical space of
colloidal QDs!83184

Alternatively, microscale flow chemistry strategies offer a more favorable technological
solution for accelerated materials development with SHEE:24424Ndditionally, flow
chemistry platforms enable facile integration of multimadaditu and/oronline material
characterization probes, efficient process automation, and reliable and accurate reaction
control185208248These 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 setfiving fluidic labs (SDFLs) represents an ideal path for the fast
tracked discovery, development, and optimization of rualtion doped LHP QD®%25!

This study presents Smart Dope, which is an SDFL for the accelerated development of

multi-cationdoped LHP QDs. Specifically, we focus on synthesizing and optimizingy Moo-
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doped LHP QDs using a oxot heatup 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 parametem)tput (PLQY) mapping of muktationdoped 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 MAYb co-doped CsPbGIQDs and autonomously unveitse optimal synthetic route
resulting in the highest PLQY reported to date (158%). First, Smart Dope automatically screens
the experimental synthesis space of Q2d_atin hypercube sampling (LHS). The LHS

provides inrhouse generated experimental datebfalding a ML model (digital twin) of the
multi-cation doping chemistry that is subsequently used for both mechanistic and fundamental
studies of the muklicationdoped LHP QDs. Next, Smart Dope utilizes its automatically
generated mukcation doping chaistry knowledge to autonomously optimize the total PLQY

of multi-cationdoped LHP QDs iteratively via Bayesian optimization. Smart Dope demonstrates
a rapid and intelligent exploration of a vast experimentally accessible parameter space of multi
cationdoped LHP QDs, exceeding over 1.9%3fotential synthetic conditioné&ppendix C (G

2)). Figure 41 provides an overview of the unique attributes of Smart Dope compared to
traditional manual approaches in materials development, often reliant on expéistsdien
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 lalh@ido yields higiperformance
multi-cationdoped LHP QDs that serve as exceptional building blocks for the fabrication of

printed photonic devices employed in lighdrvesting applications.
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Figure 4-1. Comparison of the developed SDFL technology (Sniaope) vs. manual
experimentation approaches for accelerated development and optimization afatiaiftdoped

LHP QDs. The presented SDFL outperforms the traditional manual approaches, leading to
enhanced accuracy and reduced time and materials lostes discovery, development, and
continuous manufacturing of the emerging advanced energy materials.

4.3 Results and Discussion
4. 3.1 Smart Dopeds hardwar e

Smart Dopeds ha rFidued-2 & builtion aflomschemiatity platform n
comprising four key modules: fluid delivery, formulation and reacfiosjtu characterization,
and pressure control. In the fluid delivery module, eight syringe pumps equipped wiidjhgas
stainless steel syringes were utilized to guide the liquid precursors at specific volumetric flow
rates through a-@vay fluidic manifold. A two-phase ga$iquid 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 phasejatetion. Additional details of
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the experimetal setup and precursor concentrations can be fouBdperimental Methods'he
formed gadiquid segmented flow was directed into a stainless steel flow reactor, maintained at
temperatures ranging from 160°C to 255°C. The main reaction followedpobheatup

synthetic approach, with the residence titagit 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 pses. The automated synthesis of
multi-cationdoped 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: [PHjlarotrimethylsilane: [Cl], manganese acetate: [Mn], ytterbium
acetate: [Yb], oleic acid: [OA], oleylamine: [OAm];dctadecene: [ODE]). To ensure consistent
slug formation at different reaction temperatures and residence (synthesis) times in the flow
reador, the volumetric flow rate of the inert carrier gas was automatically adjusted based on the
total liquid volumetric flow rates and a constant-gatiquid volumetric ratio. Following the in

flow synthesis at high temperatures, the reactive liquid slog&ining MRYb co-doped

CsPbC4 QDs were rapidly cooled to room temperature before entering-gigu

characterization module, where their WAs-NIR absorption and photoluminescence (PL)
spectra were recorded automatically. Finally, the reactodst ovis connected to a back

pressure regulator (BPR) operating at 95 psig using nitroggrgés to minimize the expansion

of the carrier gas phase at high reaction temperatures and ensure uniform liquid slug formation
throughout the iflow synthesis andnline characterization processegjureC-1 shows the
assembly of Smart Dope's modular flow chemistry hardware for autonomod®igarature

synthesis of MAYb co-doped LHP QDs.

108



Next, we will discuss the development of a robust and reproducible &waadystem for
Smart Dope, which is a foundational piece to achieve cltmsgzlautonomous experimentation.
We will then present integration of the Smart Dope's hardware with Bayesian optimization,
leading to the creation of a SDFL capable of autonomauthesijc route discovery,

optimization, and continuous manufacturing of maétiondoped LHP QDs.
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Figure4-2.Schematic il lustration of Smart Dopeds mo
Xo-Xe, formulation and reaction, 4situ characterizatigrtemperature controlleX:, and pressure
control modules.

s &

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 incquoratingf-f states within the bandgap (BG) of LHP QDs, particularly when
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lanthanide dopants such as®YIons are utilized. Developing a relialitesitu spectral
characterization method capable of accurately capturing PL spectra of lanttiepétel HP
QDs becomes imperative for autonomous experimentation. Specifically, it is crucial to develop
anin-situ QD characterization technique that closely mat¢chesaccuracy of more powerful
benchtop spectrometers. In this regard, we have devised a spectral benchmarking approach to
align and correct thm-situ measured PL spectra of the nudétiondoped LHP QDgs offline
measurements. Detailed informatiogaeding than-situ spectralvalidation can be found in
Appendix C(C-4).

The primary objective of this study is to identify the most optimai¥nco-doped LHP
QDs with enhanced optical properties, particularly focusing on achieving the highest PLQY. To
achieve this objective, leveraging the benchmarkegitu UV-Vis-NIR absorption and PL
spectroscopy module, we developedragsitu PLQY measurement strategy and validated it
against offline absolute PLQY measurements for the same-catibbndoped LHP @s. This
in-siturelative PLQY measurement technique enabledthes 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-5).

Developirg robust process automation is crucial to building a fully clésed
autonomous experimentation framework as the foundation of Smart Dope. This process
automation workflow should encompass experimental execution, data acquisition, and data
analysis. Therocess automation workflow of Smart Dope was developed to maintain 24/7
control over the operation of the modular flow chemistry setup. The cta#@eioped process
automation of Smart Dope (LabVIEW, s&ppendix 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 redgime spectral information of the-ittow synthesized M#¥'b co-doped

CsPbC4 QDs. The process automation of Smart Dope included startiripthef QD

precursors into the reactor once the system reached a-statelyemperature. Additionally,

Smart Dope was equipped with the automatic acquisition eMi$WIR absorption and PL

spectra after the equilibrium waiting time)( which guarantes data recording occurs when the

flow reactor's MRYb co-doped LHP QDs synthesis reaction has reached sttaty
Furthermore, Smart Dopeb6s operation workfl ow
reactor washing protocol to ensure consistentraptbducible reactor performance, enabling

uniform and highguality continuous manufacturing of muttationdoped LHP QDs over lorg

term operation while preventing nanocrystal precipitation and reactor fouling.

Next, Smart Dope was utilized to synthediwe samples of pristine CsP@Ds and
Mn-Yb co-doped CsPbGIQDs forexsitu structural characterizations to verify the successful
onepot colloidal synthesis of multiationdoped LHP QDsHKigureC-5). The transmission
electron microscopy (TEM) imagealong with their corresponding histograms depicted in
FiguresC-5A andC-5B, demonstrate a uniform cubic morphology for both the pristine ard Mn
Yb co-doped CsPbGIQDs with an average edge length of 9.79£1.53 nm and 8.53+1.22 nm,
respectivelyTablesC-1 andC-2 provide a summary of the enerdispersive Xray
spectroscopy (EDS) analysis conducted on the surfaces of the doped and undoped samples,
confirming the successful incorporation of Mand YB* ions into the crystalline structure
while maintainingan atomic ratio similar to that of pristine CsPHQDs.FigureC-5C presents
the X-ray diffraction (XRD) patterns of undoped CsPHQDs and MRYb co-doped CsPbGl
QDs, providing evidence of a pure crystalline cubic phase that remains unaffected during the

metal cation doping proce$¥:*¥?Notably, the XRD peaks of the muttationdoped QDs
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exhibit a sligh forward shift, attributed to the impact of cation doping witr?Mand YB* ions,
which possess smaller ionic radii compared t& Rims. As a result of substituting £tons

with impurity metal cation dopants, there is a reduction in the crystaihagconsistent with the
average nanocrystal size observed in the TEM im#§é¥ These peak shifts and size
reductions signify a homogeneous metal cation doping mechanism, wherein the ddfueseats di
inward into the crystalline structure rather than residing solely on the surface of the host
nanocrystals, which would indicate heterogeneous ddffiMoreover, the presence of six
hyperfine splitting profiles (A=88 G) in the electron paramagmesonance (EPR) spectrum of
the multicationdoped LHP QD sample with respect to the absence of any EPR peaks for the
pristine QDs demonstrates the successful incorporation &f isims into the cubic structure of
CsPbC} QDs following a homogenous dopingechanism achievaeda Smart Dopé?® Theex

situ structural characterizations of theflaw synthesized QDs by Smart Dope demonstrates the
success of the developed flow chemistry strategy in facilitating the incorporation of impurity
transition and lan@imide 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 Dopeds hardware for the automated
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 faaliléyof long-
term continuous operation of Smart Dope's hardware before corglactonomous
experimentation.

As part of the flow system characterization, the stability and uniformity of thkoyed

segmented flow were investigated. The temporain®nsities were monitored continuously at a
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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, illustreed inFigureC-6, enabled the identification of the passage of inert gas and
reactive phase slugs. Next, we studied the effect of varying the reaction pressuiback

pressure regulator attached to the segmented flow reactor outlet on the uniféthmtyeactive
phase liquid slugsHigure4-3A). It is evident from the results shownRigure4-3A that only
operating at reactor pressures higher than 70 psig ensures a uniform flow segmentation.
Considering the importance of uniform mixing rates indbgmented flow reactor for achieving
consistent quality of Mi¥b co-doped LHP QDs, the bagkessure regulator was set at 95 psig

to ensure uniform average flow velocity for both gas and liquid segmentsdgnstant residence
time) once the system rdaas steadygtate operation. It is worth noting that the stestée time

for the studies shown iRigure4-3A was measured when only the precursor lines were filled,

and the reactor's outlet contained no slugs from previefievinQD synthesis experiments.

The reliability of Smart Dopeos-Yhhcar dwar e
doped LHP QDs was assedausing three optical features obtaineditu (Figure4-2): the
absorbance value at 365 n&b&ssnm reaction yield proxy), the area ratio of the Mn to BG
emission peaksSiinss, Mn doping level proxy), and the area ratio of the Yb to the BG emission
peaks &roee, Yb doping level proxy)Figure4-3B illustrates Smart Dope's response for all three
in-situ obtained optical feature\psesnm Sunss, Srbisc) of Mn-Yb co-doped CsPbGIQDs,
with standard deviations 3.6%, 4.9%, 4.8%, respectively afteemmaiting 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' precipitat 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 reproduliibiof 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 sgotisisen
Figure4-3C 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 andligliabSmart 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 initiaitirgitu
characterization of the ifiow 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 093 min, 1.4 min, and 1.86 min. The optical features of the three tested QD synthesis
conditions, presented Figure4-3D, illustrate that the flow chemistry apparatus consistently
reaches a steaebtate before three times the nominal residence timgivea QD synthesis
condition. Finally, the longerm stability of the QD precursors was tested over five days for a
single synthesis conditiofiguresC-7A andC-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 oveltiple days, seAppendix 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) Teporal evolution ofAbSssnm Sunse, and Sypee 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
condtions. D) Examination of the impact of dynamic residence time to determine the number of
residence times (equilibrium time) applicable to all autonomous conditions.
4.3.2High-throughput in -flow screenings

To glean preliminary insights into the synthediemical space of MiYb 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 remainingut parameters constant and measuring the corresponding
PLQYs. The results of this automated parameter space exploration study are summarized in
Figure4-4, which illustrates the impact of each input parameter on the PLQY's as they transition
from lower tohigher values. The recorded Xs-NIR PL and absorption spectra for each
partial grid study condition can be foundriguresC-8 andC-9, respectively. Moreover, a
summary of the measured PLQYs obtained from tH&im screening studies is provided in

TableC-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. Defenlnguitidaries
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 instemeasing 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 ris@listesnmvalue Eigure G9A), and allowed for
increased metal cation dopiteyels. Increasing the concentration of Pb precursor resulted in the
formation of more initial host QDg{gure G9B). Still, it limited the diffusion of YB* ions
within the host QDs due to the increased population of fréei®is in the reaction mixter The
concentration of Cl precursor influenced the diffusion of*Ybns, suggesting the formation of
complexes between Yband Clions for subsequent metal cation exchange within the host QDs.
However, excessive amounts of ©hs and a higher poptian of free Y5* ions led to the
removal of more P¥ ions, disrupting the perovskite crystal structure and decreasing the
population of host QDg~{gure G9C). Increasing the concentration of Mn precursor resulted in
higher Mn doping levels. Still, itdnited the incorporation of ¥ions. Subsequently, it
restricted the accessible total PLQY, which agrees with the results oleCakewhere it was
demonstrated that high Mn doping levels can quench thadiced emission$® Moreover,
increasing the concentration 6b 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 Qbgure G9OE).

Regarding the impadf ligands, increasing the OAm precursor concentration initially
increased the Mn doping level, as ¥Mions were found to form complexes with Oleylamonium

ions for exchange with Pbions within the host QDY:1*¢6244However, an excess of
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oleylammonium ions could deteriorate the crystalline integrity of the host QDs and limit the
incorporation of YB" ions1!11662440n the other hand, the concentration of OA precursor had a
minor impact on forming more QD hosts. However, by likely bringing freely availabl®ots

into the crystalline structure, increasing the OA precursor concentration can improve the Mn
doping level and thereby limit the incorporation ofYions as ae®mndary 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 aeglponentially increased between 210°C to 240°C. Further
increase of the reaction temperature beyond 240°C diminished the formation efatiatti
doped LHP QDs and resulted in lower total PLQYs compared to QDs synthesized at lower
temperatures. Additionigl the impact of reaction (residence) time on the PLQY of rualtion
doped LHP QDs was investigated by varying the reactor's length (volume) at a constant total
volumetric flow ratei(e., similar mixing rate). It was found that the developedpoiehet-up
synthesis approach of muttietal catiordoped LHP QDs required a reaction time of 17 sto 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 dégwets 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 domvthe reaction temperature range for lanthanide doping of LHP
QDs. The highest obtained PLQY throughout the automated partial grid search was 136% (also
shown inTableC-3), with minimal contribution of the BG PLQY to the total PLQY. These
findings motivag further optimization of Mn and Yb doping to maximize the total PLQY of Mn

Yb co-doped CsPbGIQDsvia the autonomous operation mode of Smart Dope.
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Figure 4-4. Automated irflow exploration of the vast reaction space of madtiiondoped LHP
QDs (1.9x18® possible experimental conditions). The presented PLQY results show the
complexity of the highdimensional MRYb co-doped CsPbGIQD synthesis which underscores
the necessity for accelerated optimization through advanced autonomous experimentation by
Smat Dope.
4.3.3 Digital twin

The highdimensionality of the experimental space associated witlYdMno-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 -4tamged

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 @Rsgrexperiments 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 ongpot multication QD dopig reaction and an accurate surrogate model for
subsequent closddop optimization campaigns. To address the chemical space's complexity, we
focused on optimizing three key optical properties of thigoiw synthesized QDsAbsesnm Svin,
andSyp. Thesehree process outputs were then transformed into total PLQY to maximize its
value. Mapping thesia-situ measured QD optical features to the synthesis input paraméters (
i=1-9) was achieved through an ML approach, employing an ENN witktdimed
hyperpaameters (seAppendix G (C-1.2)).

The ENN model trained on the LHS experimental data generateslise by Smart
Dope served to: (i) create a belief model, representing the digital twin of Smart Dope's physical
hardware for fundamentatechanistic studies of the muttation LHP QD synthesis and (ii)
guide the subsequent experimental selections for closgpdautonomous optimization
campaigns. The trained digital twin not only provided precise predictr6.87) for the QD
optical features of interesi.€., Smart Dope's outputs) but also offered valuable mechanistic
insights into the metal cation doping reactibigures4-5A-F present the performance
(accuracy) of the trained digital twin for both the training and test datal'sbts.C-4 shows all
the experimental conditions with the measured PLQY values obtaméte automated LHS

experiments.
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Figure 4-5. Performance of the digital twin trained using thénouse generated LHS experimental
data. Parity plot for measured anegicted output values of the training data sets foABges
nm, B) Sun , and C)Syp. Parity plot for measured and predicted output values of the test data sets

for E) Absses nm F) Sun , and G)Sye.

The next step involved utilizing the digita¥in knowledge to further our understanding
of the fundamental mechanistic aspects of ¥inco-doped LHP QD synthesis chemistry. The
trained ENN digital twin generated Shapley additive explanation plots for each QD optical
feature (process output), rankitige importance of QD synthesis input parameters from highest
to lowest Figure4-6A). The Shapley analysis Figure4-6A suggests that Pb, Cs, and CI
precursors' concentration represents the most important QD synthesis input parameters affecting
Abses m 0f MNn-Yb co-doped CsPbGIQDs. The Shapley analysis results, generated from the
ENN digital twin model of the mukcationdoped LHP QDs, are wedlligned with the formation
mechanism of LHP QDs, where Cs, Pb, and Cl are the key elements of the hdstdPesand
play a crucial role in determining the reaction yield of thepoteQD synthesis route. This
finding is also consistent with the outcomes of our partial grid search experifigoie$C-

9A-C). Analyzing the distribution of SHAP valueshigure4-6A, it is evident that increasing
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the concentrations of Pb and Cs precursors leads to greater QDs formationAbggger) by
potentially enhancing the nucleation rate of the host LHP QDs. On the other hand, excessive CI
ions harm the structurantegrity of the LHP QDs. Examining the importance of QD synthesis
input parameters for controlling Mn dopingug) using Shapley analysikigure4-6B), 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 Mhand PB* ions facilitate successful metal cation exchange between
Mn?* and PB" ions, resulting in higher Mn doping levels (higi$un). Shapley analysis results

of Svn, shown inFigure4-6C, suggests that reaction temperature and Pb and CI precursor
concentrations are the key synthesis input parameters affecting the Yb emission peakiof Mn
co-doped CsPbGIQDs. Furthermore, theesults ofFigure4-6C reveals that higher Yb doping

levels (higheiSyp) require higher reaction temperatures and higher concentratiod’dbR&

Although increasing Clon 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 conti®ljrigigure4-

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 afotimplex and
high-dimensional multcationdoped LHP QDsFigures4-6D-F present visualization of ofaot
multi-cation doping reaction using the digital twin built by thdnouse generated experimental
data by Smart Dope. Specifically, the impact of thetivo 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 feakigewre4-6D illustrates that
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increasing the concentrationsRb and CI 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 reactiofigigkld-6E
demonstrates that the maximum Mn doping level can be achieved betwéénta8®0C,
particularly at high levels of Pb precursor concentration. Similarly, high reaction temperatures
combined with a medium value of Pb precursor concentration result ingtineshiYb doping

level of MnYb co-doped CsPbGIQDs. Interestingly, an increase in Cl precursor concentration
can also result in higher Yb doping, possibly due to the formation of coordination complexes

between YB* and Cl ions, facilitating successful rta cation exchange between3land PB*

10Ns.
A High High High
[Pb] o olde WY visas 0 Do Dy asge AP oo Temp. T e el e AN et fnn 4w S o e Temp. o edesp g Foodl Dompapr i) Lo oY -
[cn [ L e [Mn] o o oo fplurad. supgda e ppeana .. [Pb] B an o e B
[Cs] sl e 2 [Pb] - -t =p sleajpamrapieshorp-viass @ [cn e o @
[0A] R ool s e s ok = [Cs] ceailhe. 3
[0Am] “Aon 2 [0DE] i g [Mn] - g g
[Mn] pe- 5 ] e . £  [ODE] - g
[Yb] R S [0Am] - e = [0A] g =
Temp. g - [0A] e [Yb] e o
[ODE] - [Cs] S [0Am] -
Low Low Low
-0.10 -0.05 0.00 0.05 0.10 -0.100 -0.075 -0.050 -0.025 0.000 0.025 0.050 0.075 -0.2 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20
SHAP Value SHAP Value SHAP Value

{Abs

365 nm) (SMn)

Figure 4-6. Accelerated mechanistic studies of higimperature M¥¥b co-doped CsPbGIQD
synthesis enabled by Smart Dope. Shapley additive explanation plots of QD optical parameters
(outputs), including AAbses nm B) Sun , and C)Syp. Surface plots showing the impact of the top
three synthesis input parameters orAb%es nm E) Sun , and F)Syo.
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4.3.4 Closedoop autonomous optimization

Following the digital twin studies @hulti-cationdoped 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-tloeig® generated prior
knowledge from the LHS expergnts to rapidly identify the most optimal synthetic route of Mn
Yb co-doped CsPbGIQDs with the highest PLQY while minimizing the number of
experimental iterations (experimental cost). Five autonomous optimization campaigns, each with
a budget of 10 itetions, were conducted using different decismaking policies: blaclkox
random sampling, expected improvement (El), upper confidence bound (UCB), pure exploitation
(EPLT), and EI without prior knowledge (sAppendix C(C-1.3) for details of different
experimentselection decision policiedrigure4-7A presents the Smart Dope's clo$eop
performance for five different PLQY optimization campaigns of ¥inco-doped CsPbGIQDs.
The EPLT experimergelection policy reached a total PLQY of 130% in its #igteration.
Subsequently, the UCB experimesglection 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 warielentified during the LHS
stage, necessitating further exploration of the QD synthesis space. The El expsei@eiun
policy reached the highest total PLQY of 158% after only four ckieeul iterations. However,
the EI policy without prior knowledg(.e., without the surrogate model trained on the LHS
experimental data) and the blaskx random sampling approach underperformed within the
defined experimental budget, mainly due to the fdghensionality nature of the experimental
QD synthesis spac€igure4-7B shows the UWis-NIR absorption and PL spectra of the

highestperforming MrYb co-doped CsPbGIQDs autonomously synthesized by El experiment
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selection policy of Smart Dop&ableC-5 summarizes the Miidentified QD synthesis
conditions durig each autonomous closkmbp 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 mutttiondoped LHP QDs. The EI policy directly
measureshe 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 objectiviren optimizatio. Lastly, the El
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
El policy can identify the optimal synthesiarameters more efficiently than the other tested
experimeniselection strategies, thereby saving time and resources for the PLQY optimization of
multi-cationdoped LHP QD$* Additionally, by leveraging prior knowledge, incorporating the
specific characteristics and constraints of the problem domain, and adapting based on past
iterations, an informed EI decisigoolicy can significantly enhance decisioraking during the
autoromous optimization of Smart Dope compared to a blamkEl approack3’Based on the
results summarized ifable G5, it can be inferred that the El experimaetection algorithm
effectively limits the synthesis input parameters within a specific boynigading to the
identification of global QD synthesis optima in the experimental synthesis space\d) kn
doped CsPbGIQDs. It is important to note that due to the high dimensionality of the synthesis
parameter space of Mvib co-doped LHP QDs, relymsolely on the prediction power of the
digital twin does not immediately capture the global optima. Therefore, the -¢tmged

autonomous optimization approach offered by Smart Dope is necessary for the intelligent
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exploration of exponentially expandingnameter 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 modese @& most optimal synthetic
route is identifiedvia the autonomous optimization mode of Smart Dope, it can transition from
exploration and optimization to continuous manufacturing meigewre4-7C demonstrates the
robust and precise performance of Sntarpe in continuous nanomanufacturing of the highest
performing MrYb co-doped CsPbGIQDs inflow over 5 h time on stlam with a throughput of
190 mght, operating at #otal liquid flowrate of 300 pulmin™. The uniform cubic morphology
of the inflow 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 Ydr ddn
doped LHP QDs chentry at an optimal temperature of 24Dusing the informed (trained
surrogate model) El experimesdlection policy of Smart Dope.

In general, a higher contribution to the total PLQY of mcidtiiondoped LHP QDs is
observed with Yb doping, and the incoration of YI* 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 inveggjated for metal cation doping of LHP QDs. This important result serves as an
example of the power of autonomous experimentagayn Smart Dope) in making unexpected
discoveriesvia intelligent and material efficient navigation of highmensional paraeter

spaces.
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Figure 4-7. From autonomous optimization to continuous manufacturing. A) The representation

of the bestonditionsofar for autonomous search of finding the highest total PLQY in each
optimization campaign of Smart Dope under different experiselaiction policiesB) Thein-

situ UV-Vis-NIR absorption and PL spectra of the highest performingidrco-doped LHP QDs

discovered by informed El experimesglection policy of Smart Dope. C) Representation of stable
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Future work can focus on adopting the Smart Dope's platform to explorecaridti
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 multicationrdoped LHP QDs. We expect the future implicatiohSmart Dope
to push further the performance of catiwped LHP QDs serving as building blocks for the
fabrication of highperformance energy harvesting devices such as downconverters and LSCs.
4.4 Conclusion

In summary, we successfully developed anplaleed Smart Dope, which is an ML
assisted fluidic lab for autonomous parameter space exploration, development and optimization,
mechanistic studies, and scalable manufacturing of tvatibndoped LHP QDs. Smart Dope's
modular flow chemistry platform uized a twephase gatiquid 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 thHeigh-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;situ spectral data acquign and

processing unit, and an Massisted decisiemaking agent, enabling both automated and
autonomous operation. Smart Dope leveraged-aitu spectral UVVis-NIR characterization
technique specifically tailored for lanthanideped LHP QDs, using miature spectrometers,
allowing continuousn-situ absorption and PL spectroscopy of thdlaw synthesized QDs.

Through our comprehensive studies involvinegsitu structural characterizations and the
knowledge obtained from the digital twin QD synthesixel, we proposed a homogeneous
inward diffusion doping mechanism where #and YB* ions successfully undergo cation
exchange with P¥ ions present in the host LHP QDs. #Mions form active complexes with
available oleylammonium ions, while ¥hionsinteract with Clions to facilitate the doping

process. Leveraging Smart Dope's accelerated autonomous optimization mode, an informed El
experimeniselection strategy identified the optimal formulation of-¥im co-doped CsPbGl

QDs with the highest repied PLQY of 158%. By intelligently navigating the experimental

space of LHP QDs, Smart Dope successfully identified optimal synthetic conditions fer multi
cationdoped LHP QDs, conducting 150 LHS experiments followed by 10 cycles of autonomous
experimentabn within an SDFL, over a 38 timeframe without any human intervention.
Subsequently, our platform seamlessly transitioned to continuous manufacturing mode,
producing the optimal MiYb co-doped LHP QDs at a throughput of 190 migdter

purification. Ths 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 emsitu characterization with modern @dat
science tools to achieve closkemp autonomous experimentation.
4.5 Experimental Methods
4.5.1Materials

All chemicals were used without further purificatiorodatedecene (ODE, 90%) and
quinine sulfate (A0374529, absolute PLQY=67.5%) wanehased from ACROS Organics.
Oleic acid (OA, 90%) was purchased from Alfa Aesar. Oleylamine (OAm, 70%), cesium acetate
(Cs(Ac), 99.99% trace metal basiswi#L91.95 g/mol), lead(ll) acetate trihydrate
(Pb(Ack.3H20, 99.99% trace metal basisw¥379.37 g/mol), ytterbium(lll) acetate hydrate
(Yb(Ac)3.XH20, 99.95% trace metal basisyM350.17 g/mol), chlorotrimethylsilane (TMSCI,
>98%), and manganese (ll) acetate (MneABB%, My=173.027 g/mol) were purchased from
SigmaAldrich. Hexane (ACS ceriigd) and ethanol (70%) were purchased from Fisher
Scientific. Sulfuric acid (HSQs, 60%, 098361) was obtained from Oakwood Chemical. Toluene
(HPLC grade) was purchased from VWR. Ar and nitrogeteNks were purchased from Airgas.
SYLGARD 184 silicone elasmer and the curing agent were obtained from Ellsworth
Adhesives. The organic dyes, HITC Perchlorate antid® were purchased from
EssilorLuxottica.
45.2Precursor Preparation

The precursor preparation described herein is based on the study by Garakfit{2°
with slight modifications made to adapt the QDs chemistry from batch to flow synthesis.
Individual metalcontaning precursors, Cs(Ac), Pb(AC3HO, Mn(Ac), and Yb(Ac}.XH20,
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

128



of N2 providedvia a Schlenk line. The salts were dissolved in a liggmigent mixture of
ODE:OA:OAmM with a volumetric ratio of 24.5:1.0:0.5. For the chlotdsed precursor, 500 pL
of TMSCI was dissolved in 49 mL of ODE inside apdibvebox. Two concenttad ligandonly
precursors, ODEDAmM and ODEOA, were prepared using a 5:1 ODE:ligand volumetric ratio.
All the precursors, except for the pure ODE solution and the two lgalydprecursors, were
loaded into gatight stainless steel syringes (50 mL, Cly&jrunder inert conditions after
reaching room temperature. All QD precursors were prepared in 60 mL glass septa vials.
45.3Experimental Setup

The hardware of Smart Dope provides automatic access to 9 QD synthesis parameters
and comprises four primaryadules: 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
50mL, Chemyx) as well as one computemtrolled 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 continuaes (gtnainto the flow
reactor. The minimum volumetric flow rate of the QD precursors regulated by the syringe pumps
was set to 10 pL.mihto ensure precise mixing of the QD precursors. The fluid delivery lines
were connected to the formulation and reactitodule 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 9way fluidic marifold, creating an output stream of all QD precursors. The fluid stream
leaving the manifold then passed through alnie passive micromixer (FEP, 0.02 in ID) with a

dead volume of 50 pL before transitioning into a-igsid segmented flow format insidee
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reaction module. To prevent the bdtbw of liquid precursors into the gas line and ensure
uniform flow segmentation during closémbp autonomous experimentation, the Ar stream
exiting the MFC was connected to an outlet check valve (IDEX). Théqad segmented flow
was formed using a-junction connected to the mixed QD precursors and Ar lines. The formed
segmented flow was then passed to the reaction module (0.03" ID x 1/16" OD stainless steel
tubing placed inside a helieahaped aluminum reawtunit (sed-igureC-1) for high-

temperature synthesis of mudationdoped LHP QDs. Heating of the custanachined reactor
heating block was achieved using a cartridge heater (0.5" diameter, 2" long, 150 W, Omega)
placed in the center of tlmeactor moduleRigureC-1). The flow reactor module was thermally
insulated, and the reaction temperature was automatically varied betw€end @83C using a
computercontrolled PID temperature controller (F4T, Watlow). The flow reactor (stainleds ste
tubing) inside the highemperature 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 fra60 pL.min* to 400 pL.mint)

while maintaining a constant gasliquid volumetric ratio of 1.2. The flow reactor outlet was
connected to perfluoroalkoxy (PFA) tubing (0.03" ID x 1/16" OD, Microsolv Technohligyy
stainless steel union. The producedQiithin the reactive liquid slugs leaving the flow reactor
module of Smart Dope were rapidly cooled down to room temperature before entermgithe
characterization module (flowcell, 0.04" ID x 1/16" OD, FEP tubing, Microsolv Technology).
The total wlume of the flow chemistry setup after the flow segmentation section uniil-fite
characterization module was nearly 620 pL. The cudtaitt flowcell was connectedia three
fibers to: 1) a highpower UV light emitting diode (UV LED, 365 nm, Thor&alM365LP1, 90

configuration) serving as the PL excitation light source, 2) a balancedig/Nght source
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(Ocean Insight, DFROOOBAL, 180 configuration), and 3) a miniature spectrometer (Ocean

Insight, Ocean HDX Miniature Spectrometer, 180nfiguratian) for reattime spectral

monitoring of the UWVis-NIR absorption and PL spectra of thefliow synthesized mulki

cationdoped LHP QDs. Integration times of 6 ms and 20 ms were used fMidJahd PL

spectra acquisition, respectivelhe three optical feares that were automatically calculated

from thein-situ obtained U\WVis-NIR absorption and PL spectra af@ Abses nm (ii) Sun, (iii)

Svb. Smart Dope's hardware was pressurized using a back pressure regulator (Equilibar) at 95
psig Nb. The incorporabn of the backpressure module mitigates volumetric changes in the gas
phase at high reaction temperatures, thereby ensuring uniform liquid slug size and residence time

during the hightemperature QD synthesis in the flow reactor.
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CHAPTER 5: Conclusions and Outlook

As detailed throughout thBhD study microscale flow synthesis strategies have
demonstrated their potential as a versatile and powerful tool for accelerated development of
PQDs. Specifically, the #iow studies of Pb halide PQDs have capitalized onrtfsitu
characterization, rapid andaurate 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 th
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, solutioprocessed optoelectronic devices. In thigisa, we discuss potential future
directions for microfluidic studies of PQDs frafi synthesis science arfii) 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 Pd-ree 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 excitingclass of semiconducting materials. Recently, several studies have focused on
reducing the amount of Pb present in PQDs towards achievifrg@®BQDs with optoelectronic
properties similar to their Pb halide counterparts. Currently, cdtped €.9, manganese,
cadmium, zind#1?%*75 and Pbfree {.e., substituting Pb with tin, germanium, indium, bismuth)
PQDs have successfully beeenabnstrated in the batch scale with relatively poor optoelectronic

properties ¢.g, PLQY<40 %)?%° Employing microscalélow synthesis strategies integrated with
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in-situ diagnostic probes can significantly accelerate development cjeeeratio PQDs with
reduced Pb content, without sacrificing their structural stability and PLQY.
5.1.2Colloidal Ligand Exchange

Surface capping ligands play a key role in the growth and colloidal stability of PQDs (see
Sectionl.4.3) 269261 Typjcally, the native surface capping ligands used to reach the required size,
shape, and structure of PQDs aresilited for the targeted applications in chemical and energy
technologes?6%2%2Thus, possynthesis ligand exchange is typically performed to tailor the
surface properties of PQDs.(, solubility, charge transport, sol&date packing density) for the
targeted pplications. For example, ligand exchange is a key step in fabrication ocbBHd
solar cells, where the long chain surface ligands are replaced with shorter, less bulky ligands to
significantly improve charge transport throughout the deféén addtion, it has been
demonstrated that PQD ligand exchange can enhance LED perfortfhanpeve colloidal and
structural stability’®® and boost PLQ¥631263 of Pp halide PQDs. Thus, making ligand
exchange an important process for the development ofgegbrmance PQibased
optoelectronic device

Currently, the majority of Pb halide PQD ligand exchange efforts are performed on thin
films (i.e., solid-state ligand exchang&¥:6%%* Despite the considerable progress in performance
of PQD-based deviced 129265267 g|id-state ligandexchange processes suffer from time
labor and resourcéntensive repetitive manual coating and washing st&p&22Moreover,
the Pb halide PQD thin film is prone to cracking after every saétk ligand exchange cycle
due to volume shrinkage caused by drying and ligand replacé?féteading to uneven
surfaces that impedes accurate data acquisition. Additionally, solvent polarity and ligand

coordinaton ability impact the kinetics and mechanism of saliate ligand exchange on the
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PQD surfac&®® To this extent, colloidal ligand exchange, also referred to as sojltiase
ligand exchangé®?27%?"has been explored as an alternative route to address the aforementioned
challenges associated with setithte ligand exchange of PQDs. Another reason that makes
colloidal ligand exchangef ®QDs an appealing surface engineering route is its compatibility
with flow reactors with highhroughput screening capabilities, which can enable rapid
exploration of the massive accessible parameter space of target capping ligand and solvent pairs
for gpplicationguided surface engineering of highality 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 grolistrategies, the
new generation of Hlow synthesis of PQDs should rely heavily on convergence of colloidal
synthesis, flow reactor engineering, and Al to truly capitalize on the advantages of microscale
fluidic handling technologies and the wealth atailmade available throughsitu
diagnosticg*4?’? The new frontiers of PQD development efforts should focus on integration of
materials informats with highly reconfigurable flow synthesis reactors to achieve fully
autonomous formulation discovery as well as tianed costeffective process development and
continuous manufacturing of negeneration, higlguality PQDs*51
5.2.2 In-Situ Material Diagnostics

Despite the wealth of information made available thranegitu spectroscopy
techniques, acquiring accurate absorption spectra of Pb halide PQDs can be very challenging. As
mentioned previously (Sectidn3.2), the U\tVis absorption spectraan be utilized for
accelerated measurement of bandgap energy, average size, concentration, and PHQW of in

synthesized Pb halide PQDs. However, absorption (optical density) and PL intensity are linearly
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proportional to concentration only up to an ogtidensity of 0.05/32"*where beyond this very
low threshold inner filter effects emerge and breach the-Bambert law.

Il nner filter effects are manonteatmtioed when
becomes high enough where both the incident and emitted light (for fluorescent materials) are
absorbed before reaching the deteétdf/° Fluorescent materials with small Stokstsft (i.e.

PQDs) are especially vulnerable to the inner filter eff€étSpecifically, the inner filter problem
presents itself in PLQY measurements, where the PL quenching effect reduces the PL intensity,
resulting in a pseuddiminished measured PLQY values. Sample concentration has an
additional effect on the peak emissiwavelength of highly fluorescent materiale (PQDS),

where higher sample concentrations result in asteff of the peak emission wavelength due to

the reabsorption of the shorter wavelengtié’® and sample dilution results inbdue-shift.’®
Although, it has been suggested that the inner filter effect can be corrected mathematically, it
requires a systerspecific correlation and is only valid for a limited range of sample
concentrationd’® Furthermore, extreme dilution can sesly strip the stabilizing surface

capping ligands off the surface of ionic PQDs, resulting in PQD clust&figilization of the

spectra correction or the extreme dilution approach depends on the nature of the colloidal system

as well as the flow re&ar 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 reactionfteaijor
perspective. One approach is through reducing the concentration offihve synthesized
PQDs by dilution. Despite achieving reduced optical density, tHewnPQD dilution approach
suffers from {) dilution-caused ligand detachme®*>12(ii) PL variation €.g, PQD

dissolution)?”32"® and {ii ) requirements of extraquipment 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 precursor® Alternatively, the optical density of Pb halide PQDs can be reduced in flow
through decreasing thefective photon pathlength within the flow celke(tube diameter, inset
of Figure 11).5!

Althoughin-situ UV-Vis absorption and PL spectroscopy techniques can provide a
multitude of physicochemical and optoelectronic properties of tiiewnsyntheszed 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 fundamendarstanding of the mechanisms
governing the nucleation and growth pathways of colloidab&d®ed and RPiree PQDs. The
employedn-situ diagnostic tools should be sensitive enough to detect small sample volumes and
be reasonably fast to capture milliseddimescales.

Table5-1 presents a list of suggested additions to the currently avaiitebit
diagnostic toolkit of microscale flow synthesis reactors with references to their successful

applications in no#PQD flow synthesis platforms.
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Table 51. Suggested Additions to the-situ Diagnostics Toolkit of Microscale Flow Synthesis
Platforms.

Spectroscopic PQD Relevance Limitations Previous
Method Integration in
Flow [Ref.]
X-ra PQD nanocrystal
. Y structuré20271279 Time-Consuming® 2801 283.28
Diffraction . o [ 289
(XRD) PQD formation and growth Accessibility
pathwaye? 283
Solvent switch
Nuclear Surface capping ligand Low sensitivity due
) 1 154286 to the small
Magnetic characterizatiott’ 28929
arvte! reactor/sample [ 3
Resonance Colloidal ligandexchange 0287 288
volumes used®28"
(NMR) - -
Special Flow coil
requiremerfd 291
Raman Structural transitins and ng_h S|g_nal vara tiong 29930
4298 in microfluidic [299307
Spectroscopy phase® devicedd!

5.2.3 Endto-End Continuous Manufacturing of Pb Halide PQDs

The ultimate goal of PQD flow synthesis strategies from the manufacturing perspective is
to achieve a complete etto-end continuous manufacturing route, guided by abaded
decisionmaking strategy, for loveost production of higlguality, goplicationready PQDs
without any manual intervention. To achieve this highly ambitious, yet achievable goal, multiple
novel flow technologies, including)(@utomated Pb halide PQD precursor preparatign, (
controlled precursor formulationijij multi-step flow synthesis of Pbhased or Piiree PQDs,
(iv) continuous purification of the &ynthesized PQDs, and) (on-demand surface engineering
of the purified PQDs, must be developed. Furthermore, novglisled multistep synthesis
planning (retrosynttes) strategies dedicated for colloidal nanomaterials are needed to leverage
and utilize livestreamedn-situ diagnostic data after each synthesis step and manufacturing
module to efficiently control the overall PQD manufacturing platform and remove-toabetich

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 rekadnhd coseffective eneto-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 dimensioRgy(ire1-2).3” Another approdt 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 resid&meg.

Scalingout (.e., numberingup) is considered a viable alternative strategy for increasing
the manufacturing throughput of microscale flow reactors while maintaining the characteristic
transport length scales of a singleannel flomreactor’® 3%’ The main challenge of scaliraut
technique utilizing the twghase flow format is ensuring a uniform flow distribution across all
flow reactor lines. Recently, Wangait*°® have successfully demonstrated a scaleflow
synthesis approach for continuous manufacturing of CsHRBDs at a throughput of 1 L/h with
10 nm and 5 nm variance of peak emission wavelength and FWHM across 14 fiaval
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 ttegiance of PQD optoelectronic properties

manufactured in flow.
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Scalingout the PQD manufacturing introduces additional downstream engineering
challenges. In order to achieve a reliable-emdnd continuous manufacturing route for large
scale synthesigf high-quality Pb halide PQDs, in addition to the scabed flow reactors, the
phase separation, PQD purification, and surface engineering modules play a crucial role to
ensure the higlquality and reaction yield of the-agnthesized PQDs are preserwetijle
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-phadse flow synthesis is membrane
based liquidiquid phase separatiofl® Porous Teflon membranes have been demonstrated to be
successful for ifine separation of an ebdased carrier phase from a reactive phase containing
colloidal nanomaterials, based on the difference in the affinity of the solvents to the porous
Teflon memibane. Such iine, liquid-liquid phase separation module would ensure continuous
operation of a scaledut multiphase 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 mulsitep washing protocol with an antisolvent (centrifugation). However, the
relatively low and throughput of the current antisolvieased washing strategiesessitate
development of more scalable PQD purification strategies with minimum surface damage (ligand
removal). Crosdlow filtration,3!° gel permeation chromatography,and liquidliquid
extractiorf*? are considered promising scalable nanocrystal purification strategies which can be

adaptedor continuous PQD purification in an etaend manufacturing platform. Microscale

139



flow synthesis has also been demonstrated to be a viable scalable optiefidfersarface
engineering (ligangxchange) of colloidal QD¥3

The abovementioned existing strategies offer a promissteyting point for the
development of an Ayuided, endo-end continuous manufacturing route to achieve lamgde

production (16100 kg/day) of higklguality PQDs.
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Appendix A

A-1. EPR spectroscopy of the pristine and Mrdoped CsPbCt QDs

Figure A-1A-C presents the electron paramagnetic resonance spectra (EPR) of the
pristine CsPbGlquantum dots (QDs) as well as the fresh and ageddped CsPbGIQDs.
Figure A-1D shows the tempdravolution of the Mn emission peak during thé @ging 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-AA) and Mnrdoped (Figure ALB and C) CsPbGIQDs,
confirm the sacessful incorporation of M centers into the crystalline lattice of the host PQDs.
The single peak in the EPR spectra of the freshly synthesizedblpld CsPbGIQDs suggests a
strong interaction of the MiMn?* pairs, which is typically observed foratal halide
perovskite QDs with high levels of Mn doping (>10%). Considering the low amount of Mn
(1.0£0.1% MR") present in the doped CsPbQIDs in this study (measured by EDS), the single
EPR spectra peak of the freshlyfiow synthesized Mrdoped CsPBI; QDs could be attributed
to the strong exchange interactions between th& Mns pairs localized at the outer surface of
the host QDsand therefore confirms a heterogeneous surface doping mechanism. Upon aging
the Mndoped CsPbGIQDs, Mrf*ions cardiffuse and disperse into the core structure of the
host CsPbGlInanocrystals, which is confirmed by a six hyperfine splitting profile of the EPR
spectra of the aged Mioped CsPbGIQDs (Figure A1C). The inward diffusion of Mii ions
following the inflow heterogeneous doping can be further evidenced from theshiit®f the

Mn emission peak from 625 nm to 618 nm within 6 h, shown in Figed®A
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Figure A-1. EPR spectra of the (A) pristine CsPbQDs and irflow synthesized (B) fresh and
(C) agedvin-doped CsPbGIQDs using the dopant (Mnglconcentration 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 Mndoped CsPbCt QDs

The XRD pattern of the Mdoped CsPbGIQDs (Figure A2) show the peaks relevant to
the highly crystalline cubic phase, similar to the host CsPQDE. The absence of the peak shift

after the metal cation doping process is one of the indications of the heterogeneous surface

doping reaction dumg the ultrafast ifflow metal cation doping process

Mn-doped QDs
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CsPbCl, QDs

; L l PDF #075-041
| | i i ,
10 20 30 40 50 60
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Figure A-2. The XRD patterns of the pristine and Moped CsPbGRDs. Both patterns suggest
a cubic CsPbCI3 QD crystal structure.
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A-3. TEM imaging

The starting CsPbeDs and the Midoped CsPbGIQDs were purified using a
precipitation/redispersion method discussed in the manuscript. The precipitated pristine and Mn
doped CsPbGIQDs were dispersed in hexane for the TEM imaghigure A-3A presents the
TEM image of tle starting washed CsPh@Ds. TEM observation reveals a cubic morphology
of the pristine CsPbgRDs with an average edge length of 7.9£0.7 nm. TEM image of the Mn
doped CsPbGIQDs [Figure A-3B) demonstrates a uniform cubic morphology with an average

edee length of 7.9+£0.6 nm.

50:nm: 5!

Figure A-3. TEM images f the purified (A) prisn n ‘ Miq)pe CsPbGIQDs synthesized
using the dopant (Mng)l concentration of 18 mMTlhe size distribution of QDs after the room
temperature postynthetic cation doping process remained constant.
A-4. Two dimensional (2D) visualization of the steady state absorption and PL spectra

The steady state UVis absorption and PL spectra of ghstine and Mrdoped
CsPbC4 QDs at different concentrations of the dopant precuGay &nd different ligando-

solvent ratiosl(rs) are presented in 2D stack plofsgure A-4).
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Figure A-4. 2D stack plots of the steady state W6 absorption and Pkpectra of the pristine
and Mndoped CsPbGIQDs at different (AB) Cuv and (GD) Lrsvalues.

A-5. Kinetic study though the measured intrinsic kinetic constantKz)

For the kinetic studies of the pestnthetic Mrdoping of CsPbGIQDs, the intrinsic
kinetic constantskg) were measured at different MnCbncentrationsGu) and the ligando-
solvent ratio [(rs), shown inFigureA-5. The intrinsic kinetic constant is defined as the initial
slope at=0 from the fitted area rati@d\{) curves shown ifrigure2-3C andFigure2-4C of the
manuscript. As shown iRigureA-5, the extent and kinetics of the Mioping process increased
until a certain valuequ=18 mM, and_rs=0.1) and then decreased. This trend is attributed to the
induced difusion limitations in the presence of excess inactivated' ations and excess free
OAm* cations, inhibiting a higiate cationic exchange reaction between surfaéeaPd Mrf*

cations.
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Figure A-5. The calculated intrinsic kinetic constaki)(values of the Mn doping of CsPR@Ds
at different (A)Cw and (B)Lrs values.
A-6. Effect of OAm on the CsPbCt QDs and metal cation doping process
To study the effect of OAm on the colloidal integrity of the CsRIDs and the
dynamics of metal catiotioping process, the UVis absorption spectra of the washed and
diluted CsPbCGIQDs were monitoreth-situ, in the absencd={gureA-6A) and presencd-{gure
A-6B) of OAm withLrs=0.1. As shown irFigureA-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 CsPR@Ds can be observed kligure2-4C, where the excitonic
features of the UWis absorption spectra were diminished in the presefhdigh

concentrations of OAm.

Figure A-6. 3D waterfall illustration of the UWis absorption spectra of the washed and diluted
CsPbC4 QDs (A) without and (B) with OAmLRs=0.1), with the same conditions of the ultrafast
Mn doping reactions. (Clhe steady state UVis absorption spectra of the washed CsRIs
diluted with different volumetric ratios of OAm.
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