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Autonomous Nanomanufacturing of Lead-Free Metal Halide
Perovskite Nanocrystals Using a Self-Driving Fluidic Lab

Sina Sadeghi,? Fazel Bateni,® Taekhoon Kim,® Dae Yong Son,® Jeffrey A. Bennett,® Negin Orouiji,?
Venkat S. Punati,® Christine Stark,® Teagan D. Cerra,® Rami Awad,® Fernando Delgado-Licona,? Jinge
Xu,? Nikolai Mukhin,® Hannah Dickerson,? Kristofer G. Reyes® and Milad Abolhasani*?

Lead-based metal halide perovskite (MHP) nanocrystals (NCs) have emerged as a promising class of semiconducting
nanomaterials for a wide range of optoelectronic and photoelectronic applications. However, the intrinsic lead toxicity has
significantly hampered their large-scale device applications. Copper-base MHP NCs with composition-tunable optical
properties have emerged as a prominent lead-free MHP NC candidate. However, comprehensive synthesis space
exploration, development, and synthesis science studies of copper-based MHP NCs have been limited by the manual nature
of flask-based synthesis and characterization methods. In this study, we present an autonomous approach for the
development of lead-free MHP NCs via seamless integration of a modular microfluidic platform with machine learning-
assisted NC synthesis modeling and experiment selection to establish a self-driving fluidic lab for accelerated NC synthesis
science studies. For the first time, a successful and reproducible in-flow synthesis of CssCuzls NCs is presented. Autonomous
experimentation is then employed for rapid in-flow synthesis science studies of CssCuals NCs. The autonomously generated
experimental NC synthesis data set is then utilized for fast-tracked synthetic route optimization of high-performing CssCuals

NCs.

1. Introduction

Lead (Pb)-based metal halide perovskite (MHP) nanocrystals
(NCs) have been of great interest in the field of photonic and
optoelectronic devices due to their intriguing size- and
composition-tunable properties, excellent color purity, high
photoluminescence quantum vyield (PLQY), large absorption
cross section, and facile solution-phase synthesis and
processing.’™® Despite the excellent optical attributes of Pb-
based MHP NCs, their large-scale adoption by photonic devices
is greatly hampered by Pb toxicity and stability challenges
against light, moisture, heat, and electric field. To tackle Pb
toxicity, there have been multiple recent efforts to replace
either the Pb?* ion with a nontoxic divalent ion (e.g., Sn?* and
Ge?*),1% or two divalent Pb?* ions with a pair of one
monovalent ion (e.g., Ag*) and one trivalent ion (e.g., Bi3*, Sb3",
and In3*) used to form double-perovskite NCs.>"® However,
stability issues of Sn?* and Ge?* ions under ambient conditions
as well as relatively low PLQY and indirect bandgap of double-
perovskite NCs still hinder their device applications.
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Low-dimensional MHP NCs possess interesting optical
features, such as a wide bandgap energy and a large Stokes
shift, attributed to the isolation of coordinated metal octahedra
by surrounding cations.'® This phenomenon results in the self-
trapped exciton (STE) emission mechanism, that is originated
from the lattice deformation of MHP structure.?>2* All-
inorganic copper (Cu)-based MHP NCs, Cs3CuxXs (X: Cl, Br, 1),
have recently emerged as a promising Pb-free MHP candidate
due to their low toxicity and earth-abundant elements.1%2526 |n
one example, Lu et al. studied the effects of reaction time and
temperature on the morphology of Cs3Cu,Cls NCs and found
that in the
formation of nanorods.?® Among different Cu-based MHP NCs,
Cs3Cuzls exhibits a high stability under ambient condition.
Cs3Cuzls NCs have a pure orthorhombic crystal structure, where
tetrahedral [Culs] and trigonal [Culs] units are edge-shared to
form [Cu,ls] clusters that are isolated by cesium (Cs) cations.®
The recent successful colloidal synthesis of Cu-based MHP
NCs192526 warrants further understanding of their vast
synthesis-property relationship toward on-demand scalable
production.

increasing the reaction temperature results

Prior of Cu-based MHP NCs
conventional batch reactors for the NC synthesis and screening
via hot-injection (HI) synthetic technique.'®?>2¢ In spite of the
facile control and operation of batch reactors, the fast
formation kinetics of ionic MHP NCs could result in
reproducibility issues in batch reactors stemming from the mass
transfer-dependent precursor conversion rates. Additionally,
limited accessibility of batch processes to in-situ

studies have utilized
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Figure 1. Conventional flow chemistry vs. SDFLs for accelerated development and optimization of colloidal NCs.

characterization techniques along with their irreproducible
mass and heat transfer rates further complicate the
fundamental and applied studies of Cu-based MHP NCs.*?772° |n
addition, the high-dimensional reaction space of Pb-free MHP
NCs, arising from various precursors, ligands, reaction time, and
temperature, brings significant challenges while searching for
optimal NC synthesis condition required to achieve desired
optical properties. Compared to batch reactors, droplet-based
microfluidic synthesis strategies have been demonstrated as a
reliable reactor of choice for high-throughput screening,
mechanistic studies, and continuous production of colloidal
NCs, including metal oxide, silver, and gold NCs, as well as II-VI,
111-V, and Pb-based MHP NCs.30-3°

The continuous nature of microfluidic reactors along with
their modularity, facile automation, and integration with
multimodal in-situ characterization tools (e.g., spectroscopy)
28,4041 offer an exciting avenue to accelerate parameter space
and synthesis-property relationship mapping of NCs through
integration with data science tools in a closed-loop format. Such
integration of an automated microfluidic reactor with machine
learning (ML)-assisted process modelling and experiment-
selection results in establishment of self-driving fluidic labs
(SDFLs).47%4 Autonomous experimentation enabled by SDFLs
automates the loop of hypothesis generation, planning and
choosing the next set of experiments, performing selected
experiments, and analyzing new experimental outcomes to
refine/reject/validate the hypothesis.**>°  Furthermore,
reaction miniaturization, modularity, and automation of
microfluidic reactors significantly enhance the quality and
quantity of the experimental data (low experimental noise)
required to train the ML predictive models of SDFLs while
minimizing chemical consumption. A variety of ML techniques,
including Bayesian optimization (BO) which resolves
uncertainty and reinforcement learning have been adopted by
SDFLs to intelligently navigate the vast synthesis space of
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NCs.>1=56 Figure 1 illustrates the advantages of SDFLs over
conventional flow chemistry platforms.

Herein, we report a SDFL for accelerated synthesis-
parameter relationship mapping and autonomous
nanomanufacturing of Pb-free MHP NCs. Specifically, we focus
on autonomous synthesis of Cs3Cu,ls NCs, as an emerging Pb-
free MHP testbed. First, utilizing the automation mode of the
developed flow chemistry platform, we investigate the effects
of synthetic parameters, including precursors concentration,
ligands population, reaction time, and temperature, on the
optical properties of the in-flow synthesized Cs3Cu,ls NCs. Next,
we demonstrate the importance of ML model tuning and
uncertainty quantification on the total cost of autonomous NC
synthesis experimental campaigns. Then, we utilize the
developed SDFL for accelerated parameter space mapping,
optimization, and autonomous nanomanufacturing of high-
performing Cs3Cuzls NCs with minimum experimental cost.

2. Experimental
2.1 Chemicals

Oleic acid (OA, 90%), oleylamine (OAm, 70%), copper (l) iodide
(Cul, 99.999% trace metal basis, Mw = 190.45 g/mol), and
Hexane (70%) were purchased from Sigma-Aldrich. 1-
Octadecene (ODE, 90%) and cesium carbonate (Cs,COs, 99.9%
metal basis, Mw = 325.82 g/mol) were purchased from Fisher
Scientific. High-performance heat transfer perfluorinated oil
(PFO) was purchased from Solvay. All chemicals were used
without further purification.

2.2 Precursor preparation

We adapted the HI precursor chemistry reported by Li et al.
using a coupled metal and halide precursor with minor
modifications to achieve completely soluble Cs-oleate and Cul
precursors at room temperature and successful reproducible

This journal is © The Royal Society of Chemistry 2023
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Figure 2. Schematic illustration of the developed SDFL for fast-tracked synthesis and development of Pb-free MHP NCs.

synthesis of Cs3Cuyls NCs in flow.?> In order to prevent
precipitation in the setup precursor delivery module and
achieve highly consistent results, a Cs:OA molar ratio of at least
1:5 should be used while preparing the initial Cs-oleate
precursor to obtain a full conversion of the Cs salt. The 1:5 molar
ratio not only results in a soluble Cs-oleate precursor at room
temperature that benefits flow synthesis of NCs, but also
improves reproducibility of the Cs-oleate-based MHP NC
syntheses.’” In the most reported HI MHP NC synthesis
chemistries to synthesize Cs3CuyXs (X: Cl, Br, 1) NCs, the Cs-
oleate precursor is insoluble when cooled to room temperature.
Therefore, we modified the HI precursor chemistry reported by
Li et al. and developed a new protocol for preparation of stock
precursor solutions (Cs-oleate and Cul) amenable to flow
synthesis. The new precursor chemistry resulted in completely
soluble Cs-oleate and Cul precursors at room temperature and
successful reproducible in-flow synthesis of Cs3Cuals NCs.

Cs-oleate precursor. 240 mg Cs,CO3, 3.75 mL OA, and 45 mL ODE
were loaded into a 100 mL 3-neck flask which was then
maintained under vacuum for 1 h at 120°C. The mixture was
subsequently heated under N, to 150°C and maintained at this
temperature for 30 min to ensure a complete conversion of the
Cs salt.

Cul precursor. 0.45 mmol Cul, 5 mL OA, 5 mL OAm, and 50 mL
ODE were loaded into a 100 mL 3-neck flask and maintained
under vacuum for 1 h at 120°C. The solution was subsequently
purged with N3 at 120°C for 30 min.

Ligands. The concentrated stock solutions of the NC ligands,
including two OA-ODE and one OAm-ODE solutions were
prepared using a 1:4 ligand:ODE volumetric ratio.

All stock solutions were loaded into the gas-tight stainless-steel
syringes (50 mL, Chemyx) under inert conditions after reaching
room temperature.

2.3 Experimental setup

This journal is © The Royal Society of Chemistry 2023

Figure 2 illustrates the schematic of the developed flow
chemistry platform for autonomous synthesis and development
of Pb-free MHP NCs (see Figure S1 for an image of the
experimental setup). The automated flow chemistry platform is
comprised of three distinct modules: fluid delivery, mixing and
reaction, and in-situ characterization. In the fluid delivery
module, seven syringe pumps equipped with gas-tight stainless-
steel syringes (50 mL) were utilized to precisely deliver a desired
concentration of the stock solutions at a specific volumetric
flowrate to the mixing junctions used to form the precursor
streams. The mixed Cs-oleate and Cul streams were then guided
to the reaction module where the NC synthesis happens. In
order to separate the reactive phase containing the NC
precursors from the flow reactor walls during the NC synthesis,
an inert carrier phase, PFO, was utilized to form a lubrication
film around the reactive phase and obtain a two-phase liquid-
liquid segmented flow format (see Supplementary Movie M1).
The carrier phase (PFO) was continuously delivered to the flow
segmentation junction (Figure 2) using a computer-controlled
syringe pump equipped with a gas-tight stainless-steel syringe
(100 mL). The material-efficient nature of the developed flow
chemistry platform allows for accelerated exploration of up to
100 different experimental conditions of Pb-free MHP NCs per
batch of stock solutions while using only a total of 1 mL NC
precursors per experimental condition.

The fluid delivery module includes eight computer-
controlled syringe pumps (Chemyx Fusion 6000) loaded with
seven 50 mL and one 100 mL gas-tight stainless-steel syringes
(Chemyx) for precursors and PFO, respectively. The precursor
formulation and reaction module includes a custom-designed
reactor heating plate and three fluidic connections used for the
formation of the Cul, Cs-oleate, and reaction streams.

Cul precursor stream with a desired concentration and
ligand ratio was formed by the in-flow mixing of the stock
solution of Cul precursor with three streams of OA-ODE (1:4

Nanoscale, 2023, 00, 1-3 | 3
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volumetric ratio), OAmM-ODE (1:4 volumetric ratio), and solvent
(ODE) in a five-way fluidic connection (IDEX). The Cs-oleate
stream was formed by the in-flow mixing of the Cs-oleate
precursor with OA-ODE (1:4 volumetric ratio) and solvent (ODE)
in a four-way fluidic connection (IDEX). All precursor streams
were connected to the fluidic connections using a fluorinated
ethylene propylene (FEP) tubing (1/16" outer diameter, OD x
0.02" inner diameter, ID). The formulated Cul and Cs-oleate
precursors with the desired concentrations (adjusted via
aforementioned in-flow mixing process) as well as the inert
carrier fluid (PFO) were delivered to a custom-designed four-
way fluidic connection (PEEK) using perfluroalkoxy (PFA) tubing
(1/16" OD x 0.02" ID) to form a liquid-liquid two-phase
segmented flow. PFA was specifically selected for the
preheating and the synthesis modules of the flow chemistry
platform because of its high temperature stability (melting
temperature of 310°C). Two in-line static micromixers (i.e.,
braided tubing) were utilized to ensure uniform mixing of the
Cul
segmentation module. The Cul and PFO streams were placed

and Cs-oleate streams before entering the flow
inside the custom-designed heating plate (aluminium) to
preheat to the desired reaction temperature, while Cs-oleate
was directed to the
temperature. The heating plate was heated using three
cartridge heaters (Watlow) and a PID temperature controller
(F4T, Watlow) to obtain desired synthesis temperature both for
the preheated precursors and the NC synthesis module. In order
to rapidly characterize the optical properties of the in-flow
synthesized Pb-free MHP NCs, the reactor outlet was given
enough length to cool down to the room temperature before
being connected to the in-situ characterization module. In order
to increase the light pathlength for spectroscopy within the
flowcell, a larger ID tubing (FEP tubing, 1/16" OD x 0.04" ID)
than the flow reactor module (PFA, 1/16" OD x 0.03" ID) was
used for spectroscopy. Due to different light intensity and slit
requirements for the in-situ photoluminescence (PL) and
absorption spectral characterizations of Pb-free MHP NCs, two
flowcells with two fiber-coupled spectrometers were utilized
for real-time monitoring of the optical properties of the in-flow
synthesized Pb-free MHP NCs. The first flowcell was connected
to a 300 nm UV LED (Thorlabs) and a miniature spectrometer
(Ocean Insight HDX, 200 um slit) in a 90° configuration for PL
spectroscopy. The second flowcell was connected to a
broadband light source (Ocean Insight, DH-2000-BAL) and
another miniature spectrometer (Ocean Insight HDX, 5 pm slit)

segmentation module at room

in a 180° configuration for absorption spectroscopy.

3. Results and discussion

The in-flow NC synthesis followed a HI synthetic approach
where the Cul and PFO streams were preheated to the desired
reaction temperature ranging from 120 °C to 150 °C while Cs-
oleate was directed to the flow segmentation junction at room
temperature. The liquid-liquid segmented flow was obtained by
combining the reactive phase stream (NC precursors) and PFO
at the segmentation module. The NC synthesis time in the flow
reactor was varied by changing the total volumetric flowrate of

4 | Nanoscale, 2023, 00, 1-3

the NC precursors. The developed flow chemistry platform
could automatically perform up to 100 experimental conditions
using a single batch of precursor solutions. Seven independent
input parameters, including reaction temperature and
volumetric flowrates of Cul, Cs-oleate, two OA-ODE streams,
OAmM-ODE, and solvent (ODE) associated with the Cul stream,
were controlled for automated synthesis of Pb-free MHP NCs.
Next, the range of residence (reaction) times resulting in Pb-free
MHP NCs in the flow reactor was identified by varying the
precursors volumetric flowrates. The solvent (ODE) volumetric
flowrate of the Cs-oleate stream was automatically adjusted to
accommodate the 1:1 volumetric injection ratio for mixed
precursor streams. In addition, the carrier phase (PFO)
volumetric flowrate was automatically adjusted with respect to
the total volumetric flowrate of both precursor streams. The 1:1
injection ratio of precursor streams as well as the PFO
volumetric flowrate equalling the total NC precursors
volumetric flowrate were found to be necessary for prolonged
stability
experimentation in flow. Following the high-temperature in-

flow imperative for continuous autonomous
flow synthesis of NCs, the reactive phase droplets were rapidly
cooled to the room temperature prior to entering the in-situ
acquire the
absorption and PL spectra of the in-flow synthesized NCs.
Additional details of the experimental setup can be found in the

Experimental Section.

characterization module to automatically

Furthermore, an in-situ characterization approach is crucial
to accurately capture the absorption and PL spectra of the in-
synthesized Cu-based MHP NCs for
experimentation. Therefore, we validated the in-situ obtained

flow autonomous
NC spectra achieved in the developed flow chemistry platform
with obtained by a
spectrometer spectrofluorometer,

ex-situ  measurement benchtop
(FS5 Edinburgh
Instruments). Figure S2 presents the benchmarking of in-situ vs.

ex-situ absorption and PL spectra of the same Pb-free MHP NCs.

In this study, we focused on autonomous flow synthesis of a
specific class of Pb-free MHP NCs, Cs3Cu,ls NCs. The goal of this
study was not only to successfully synthesize Cs3Cu,ls NCs in
flow but also rapidly discover the optimal synthetic route
resulting in NCs with the highest PLQY. The emission peak
intensity of Cs3Cuzls NCs (PL)) was utilized as a PLQY proxy in
autonomous experimentation studies to achieve the most
optimal Cs3Cuzls NCs. Figure S3 presents the linear correlation
of in-situ measured PL, of the in-flow synthesized Cs3zCusls NCs
vs. offline measured absolute PLQY (FS5 spectrofluorometer,
Edinburgh Instruments).

A fully closed-loop autonomous experimentation requires a
reliable process automation integrating experimental execution
and data acquisition/analysis. The process automation
workflow developed here enables complete control over the
modular flow chemistry platform and is coupled with a Python
script, which results in automatic experimental conditions
parsing/execution and data acquisition/analysis to obtain the
as-synthesized NCs spectral information in real-time. In
addition, the custom-developed process automation code
(LabVIEW) controls the fluid delivery module by directing the

This journal is © The Royal Society of Chemistry 2023
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precursor solutions to the mixing and reaction module only
once the system reaches a steady-state temperature. The
process automation code also enables the automatic
acquisition of absorption and PL spectra of the in-flow
synthesized NCs when the equilibrium waiting time (tg) is
reached, which assures data being recorded once the NC
synthesis reaches steady state. Detailed information regarding
the developed process automation can be found in the
Supporting Information (see S4 and Figure S4).

Next, we studied the performance and reliability of the
developed flow chemistry platform for continuous synthesis of
Cs3Cuzls NCs in flow. An ideal flow chemistry platform for
autonomous experimentation should (i) reliable
continuous operation and (ii) result in successful and
reproducible synthesis of colloidal NCs. These two metrics are
important to benchmark the capabilities of the developed flow
chemistry platform for the long-term continuous operation
before delving into closed-loop autonomous experimentation.
First, to assess the reliability of the developed flow chemistry
platform for continuous synthesis of Cs3Cu;ls NCs, we analyzed
three optical features obtained in-situ: the absorbance value at
the excitation wavelength of 300 nm (Abs3o0 nm cOnsidered as a
proxy for reaction yield), PL, (considered as proxy for PLQY), and
NCs emission peak area (PLp). The response of the flow
chemistry platform for all three optical features obtained in-situ
during continuous in-flow synthesis of Cs3Cu,ls NCs is illustrated
in Figure 3A. The overall experimental setup was found to reach
steady state in 1.2 x the total residence time (tg = 1.21), where
the total residence time is defined as the time it takes for the
fluid to travel from the five-way fluidic connection used to form

ensure

the Cul precursor stream to the in-situ characterization module
of the flow chemistry platform. After equilibrium is reached,
Abs3o0 nm, PL, and PLhn showed standard deviations ~1.3%,
~1.1%, and ~1.0%, respectively. Then, we investigated the
reproducibility of the flow chemistry platform for the in-flow
synthesis of Cs3Cuzls NCs. Specifically, an experimental
perturbation study was conducted where a pre-selected
reference condition was considered as the baseline, and a
randomly selected synthesis condition was performed right
after reaching steady state operation mode of each baseline
synthesis condition. Figure 3B presents the result of the
reproducibility studies of the flow chemistry platform
developed for autonomous synthesis of Cs3Cuyls NCs with
standard deviations of ~2.8%, ~1.2%, and ~1.1%, for Abs3oo nm,
PL,, and PL,, respectively, for the baseline condition after five
replicates. The results shown in Figure 3 prove the reliability of
the flow chemistry platform shown in Figure 2 for continuous
synthesis of Pb-free MHP NCs with minimum experimental
noise, that is considered a critical feature for minimizing the
total optimization experimental cost of autonomous material
synthesis labs.

In order to identify an appropriate equilibrium time needed
to initiate the in-situ characterization for all NC synthesis
conditions during the autonomous experimentation campaigns,
we conducted a dynamic residence time study of the in-flow
synthesized Cs3Cuzls NCs. The dynamic residence time study

This journal is © The Royal Society of Chemistry 2023
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Figure 3. Characterization of the developed flow chemistry
platform  performance  for continuous operation and
successful/reproducible synthesis of Pb-free MHP NCs: A) Temporal
evolution of Abszoonm, PL, and PL, for a specific synthesis condition
over 120 min. B) Assessment of the developed flow chemistry
platform synthesis reproducibility by utilizing an experimental
perturbation study. C) Examination of the impact of dynamic
residence time to determine the number of residence times
(equilibrium time) applicable to all autonomous conditions.

was performed to find how many residence times were needed
for a given experimental condition to reach steady state
operation. We tested three synthesis conditions in a sequence
with varying residence times associated with three different
reaction times (tg), 25 s, 31 s, and 42 s, which were
accommodated by modifying the total volumetric flowrate.
Figure 3C illustrates the values of Abss;po nm for the three
different reaction times tested. All three experimental
conditions reached equilibrium in 1.2 x the residence time (tg =
1.21), which is consistent with that of continuous operation
investigation (Figure 3A). The other in-situ obtained optical
features (PL, and PLp) for the three different reaction times
tested here are illustrated in Figure S5. All three optical features
showed a standard deviation below 5% once the equilibrium is
reached.

The other important factor to ensure the reliability of the
flow chemistry platform to continuously synthesize Cs3Cu;ls NCs
is the proper mixing of the reactive phase within the droplets
moving along the flow direction in the reaction module, that is
controlled by the average flow velocity. Thus, we studied the
effect of varying the total volumetric flowrate (and average flow
velocity) on the NCs formation kinetics. A constant reaction
time was implemented by adapting varying reaction tube length
placed in the heating plate. As illustrated in Figures 4A and 4B,
the synthesis of Cs3Cuzls NCs was observed to be mass transfer-
limited at low flowrates. However, the optical properties of the
in-flow synthesized Cs;Cu,ls NCs reached a plateau for NCs
synthesized using the total volumetric flowrates higher than
600 pL/min, confirming the mass transfer-independency of the
reaction at high mixings while utilizing the same reaction time.
Next, we studied the effect of reaction time on the NCs
formation kinetics. In order to ensure the reaction mixing-
independency, a constant reaction tube length was placed in
the heating plate, and different total flowrates above 600
uL/min were implemented to accommodate reaction times
ranging from 25 s to 42 s. Figures 4C and 4D show the effect of
reaction time on the optical features of the in-flow synthesized

Nanoscale, 2023, 00, 1-3 | 5



Nanoscale

Cs3Cuzls NCs. While similar reaction yields were obtained for the
tested reaction times, the NCs emission peak intensity was
observed to drop slightly for the reaction times above ~28 s. The
effects of shorter reaction times (<25 s) on the optical
properties of the in-flow synthesized Cs3zCu;,ls NCs is presented
in Figure S6.

1.2 900
Q=300 pL.min” 0,=300 pL.min”

= 450 pL.min" = ——450 pLanin"
S 08 ——600 uL.min’ S600 —— 600 pLmin”
s |———900 pL.min" =) ———900 pLmin'
_.E ——1200 uLmin" 2 1200 pLmin”
5 04 £ 30
g =

0.0 0

200 400 600 800 400 600 800

C Wavelength (nm) D Wavelength (nm)

1.2

ty =255 25|

= 285 = 2000
S 08 3 s
L 36s >
§ 425 Z’
.g 04 ’qé 1000
3 =
< s

0.0 0

200 400 600 800 400 600 800

Wavelength (nm) Wavelength (nm)

Figure 4. In-flow screening for: The effect of total volumetric
flowrate on the in-situ recorded A) absorption and B) PL spectra
while utilizing the same reaction time. The effect of reaction time
on the in-situ recorded C) absorption and D) PL spectra while
utilizing total flowrates above 600 uL/min to ensure the reaction
mixing-independency.

To better understand the synthesis chemical space of the
Cs3Cuzls NCs, we performed a partial grid search on the input
synthesis parameters while maintaining the reaction time
constant using the automated operation mode of the
developed flow chemistry platform. Specifically, the parameter
space was explored by varying only one input parameter of
interest while maintaining the other parameters constant. The
in-situ PL and absorption spectra associated with this parameter
space exploration are illustrated in Figures 5 and S7,
respectively. The partial gird search findings glean valuable
insights into the formation mechanism of the Cu-based MHP
NCs at high temperatures and facilitate adjusting the parameter
space boundaries via dimensionless equations, which ensures
an efficient closed-loop autonomous experimentation by
the total
consumption. More details regarding dimensionless equations
can be found in Supporting Information (see S8). As illustrated
in Figure 5, the peak emission wavelength of Cs3Cuyls NCs (450
nm) is independent of the input synthesis parameters, which is
attributed to the STE emission mechanism of Cu-based MHP
NCs. By increasing [Cs-oleate], the secondary peak at the
wavelength of ~¥380 nm increases, which is potentially due to
the presence of excess OA ligand used to make Cs-oleate
soluble at room temperature (Figure 5A). However, there is no
consistent trend for the reaction yield and PL, of Cs3Cu,ls NCs
(Figures 5A and S7A). This is consistent with Li et al. observation

reducing experimental time and material

6 | Nanoscale, 2023, 00, 1-3

where an increase in the Cs-oleate:Cul ratio does not
necessarily increase the quality of the synthesized NCs.?> Both
NCs reaction yield and PL, were seen to increase by increasing
the [Cul], as it facilitates the formation of Cs3Cu,ls NCs (Figures
5B and S7B). Increasing the concentration of OA associated with
both Cs-oleate and Cul precursor streams elevates the NCs
reaction yield, as it could potentially bring more freely available
Cs* and Cu* ions into the crystalline structure, respectively
(Figures S7C and S7D). However, the trend observed for the
effects of OA concentration on the NCs PL, suggests an optimal
value for this input parameter (Figures 5C and 5D). Increasing
the [OAm] associated with the Cul precursor stream also
enhances the overall reaction yield, as OAm ions could form
complexes with and bring more halide ions into the crystalline
structure (Figure S7E). However, the Cs3Cu,ls NCs PL, decreases
while increasing the concentration of OAm, which is potentially
due to the detrimental effects of excess OAm that could
deteriorate the integrity NCs

decomposition (Figure 5E). The effects of reaction temperature

crystalline and cause
on the optical properties of Cs3Cuzls NCs were also investigated.
The secondary PL emission peak at the wavelength of ~600 nm
suggests a secondary NC population, observed at lower reaction
temperatures (<120°C). Increasing the reaction temperature to
150°C, enhances PL, of Cs3;Cu;ls NCs with the peak emission
wavelength of 450 nm. However, increasing the reaction
temperature beyond 150°C lowered PL, compared to lower
temperatures, which can potentially be attributed to the NCs
decomposition at higher temperatures (Figure 5F). Considering
these initial screening results, the temperature range of 120°C—
150°C was utilized for subsequent autonomous synthesis
science studies of Cs3Cusls NCs.

The high-dimensional chemical space of Pb-free MHP NCs
brings significant challenges while searching for the optimal
synthesis condition required to produce Cs3;Culs NCs with
enhanced optical properties. The time- and resource-intensive
high-throughput combinatorial screening not only requires
experts’ intervention but could also only navigate around a local
experimental space optimum. The closed-loop autonomous
experimentation mode, on the other hand, offers a more
informed chemical space exploration strategy with minimum
experimental iterations (cost). Herein, we developed an
informed BO strategy and integrated it with the automated flow
chemistry platform to rapidly map the experimental synthesis
space of Pb-free MHP NCs for two applications (i) build a digital
twin model and (ii) autonomous optical property optimization
of the in-flow synthesized Pb-free MHP NCs. The closed-loop
nature of the developed SDFL enables accelerated NC synthesis
space exploration via automatic learning/acquiring new
experimental data with continuously improved ML model
prediction accuracy. The autonomous experimental campaigns
using BO perform the following automated steps in an iterative
manner: (i) surrogate model initialization, (ii) selection of the
next set of experiment(s) using a specific decision policy
(reaction space exploration or exploitation), (iii) conduction of
the the
platform, (iv) in-situ data acquisition/analysis, and (v) retraining

machine-selected experiment(s) in microfluidic

This journal is © The Royal Society of Chemistry 2023
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Figure 5. In-situ recorded UV-Vis PL spectra of the partial grid search on the input synthesis parameters, including A) [CsOleate], B) [Cul],
C) [OAcsoreate], D) [OAcul, E) [OAmcy], and F) reaction temperature, while maintaining the reaction time constant. The complete list of
experimental conditions used for the partial grid search study is provided in Table S1.

the surrogate model using the updated experimental dataset.

In our prior ML benchmarking studies, ensemble neural
network (ENN) was found to outperform other ML strategies for
autonomous material synthesis in flow.>®>° Thus, we utilized
ENN to construct surrogate predictive models of the developed
SDFL. To build the surrogate model of the in-flow synthesis of
Cu-based MHP NCs, we considered seven nondimensionalized
synthesis input parameters (X, i=1-7), i.e., ML model features,
including reaction temperature and volumetric flowrates of Cul,
Cs-oleate, two OA-ODE streams, OAm-ODE, and solvent (ODE)
associated with the Cul stream, as well as one output parameter
(PLy).

The digital twin experimental campaign started with
surrogate model initialization. This initialization step included
nine initial experimental conditions selected by the latin
hypercube sampling (LHS) method passed to the flow chemistry
platform for automatic experimentation to build the initial
dataset needed to initialize the BO surrogate model. Next, we
implemented a fully explorative BO experimental campaign to
autonomously generate high-quality experimental data
required for building a digital twin model of the in-flow Pb-free
MHP NC synthesis. The parameter space mapping for the digital
twin model construction was conducted using the maximum
variance (MV) decision policy, which is based upon uncertainty
quantification. Further details of the MV-based autonomous
experimental campaign can be found in the Supporting
Information (see S8). The goal of the MV campaign was to
identify the minimum number of experiments required to build
an accurate digital twin model both for fundamental studies of
the Pb-free MHP NC synthesis in the flow reactor and to be used

This journal is © The Royal Society of Chemistry 2023

as the knowledge transfer (informed surrogate model) for
subsequent optimization campaigns.

Figure 6 presents a summary of the explorative BO
campaigns for building a digital twin model of Pb-free MHP NCs
synthesized in the developed flow chemistry platform. R-
squared (R?) of the mean ENN-predicted vs. the experimentally
measured output parameter, PL, was used to evaluate the
digital twin model performance. A model accuracy of 80% for
the test dataset was considered as the threshold criterion to
identify the optimal ENN structure. The digital twin model with
an acceptable prediction accuracy ~81% was achieved after 51
autonomous explorative experimental iterations. Figure 6A
shows the experimentally measured PL, values vs. the input
parameter temperature for all 60 data points including 9
achieved from LHS and 51 achieved from the MV-based
explorative campaign. In order to assess the effect of training
dataset size on the accuracy and performance of the trained
digital twin model, we tested each ENN model trained on
datasets with various dataset sizes (10-60 data points) on an
independent set of 1000 input conditions, each including seven
dimensionless input parameters, drawn from a Monte Carlo
(MC) sampler. The average and standard deviation of each
digital twin model's uncertainty trained with different dataset
sizes are shown in Figure 6B. The ENN model trained on 60
experimental data points resulted in the lowest average
uncertainty on the MC-sampled datapoints. The digital twin
prediction accuracy plots for the ENN model trained with the 60
autonomously generated experimental data points (LHS + MV
campaign) are presented in Figures 6C and 6D for the training
and test sets, respectively.
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Figure 6. Development of the digital twin model: A) Experimentally
measured PL,values vs. the input parameter temperature for all 60
data points achieved from LHS and MV-based explorative
campaign. B) Average uncertainties and corresponding standard
deviations obtained from applying the ENN models, trained using
different dataset sizes, on an independent dataset drawn from MC
sampler. Digital twin accuracy plots for C) training and D) test sets
using an 80/20 split ratio. A complete list of autonomous
experiments for digital twin model training is provided in Table S2.

Next, we utilized the trained digital twin model to better
understand the underlying mechanism of Cs3Cusls NCs synthetic
chemistry. A robust digital twin with a high prediction accuracy
can be utilized to rapidly identify the key synthesis parameters
controlling the material properties (PL, of Pb-free MHP NCs).
Shapley analysis technique®® enables investigating the relative
importance of each independent ML model feature (i.e., NCs
synthesis parameter) on tuning the model output (PL). The
Shapley analysis ranks the ML model features from the most to
the least effective. The data points shown in the Shapley
analysis plot for each model feature represents an individual
experimental data generated by the SDFL. A model feature has
a positive effect on the output if the corresponding data points
on a Shapley analysis plot move towards positive SHAP values.
The Shapley explanation plots obtained from the digital twin
model of Cs3Cusls NCs is illustrated in Figure 7A. Based on the
Shapley analysis results, the Cul precursor concentration and
reaction temperature were identified as the most important
synthesis input parameters affecting the in-situ optical feature
of interest (PL)). Based on the SHAP values distributions, the NCs
PL, is elevated as the Cul concentration increases. Excess Cul
provides a Cu-oleate-rich reaction environment, enhancing the
Cs3Cuzls NC formation.®! A higher reaction temperature is also
found to result in a higher PL, value. As reported previously,
decreasing the average size of Cs3Cuzls NCs has a diminishing
effect on their PLQY. The direct relationship between the NC
size and PLQY of Cu-based MHP NCs may be attributed to the
increased surface defects and non-radiative recombination that
originates from the larger specific surface area of smaller

8 | Nanoscale, 2023, 00, 1-3

Cs3Cuzls NCs. It has been previously reported that increasing
reaction temperature results in formation of larger Cs3Cuzls NCs
with higher PLQY.®? This finding is in agreement with the SDFL
results where the Cs3Cu,ls NCs synthesized at higher reaction
temperatures resulted in higher PL, values, corresponding to
higher PLQYs. This finding was further validated by transmission
electron microscopy (TEM) imaging where two Cs3Cuyls NC
samples were synthesized in the microfluidic platform at two
different reaction temperatures (130°C and 150°C) at fixed
values of other synthesis input parameters. The higher reaction
temperature was found to not only improve the NCs
morphology uniformity but also increase the NCs average size
(see Figure S8). Additionally, within the reaction time range
used in autonomous campaigns (25 s—42 s), prolonged reaction
times were found to diminish the quality of the in-flow
synthesized Cs3Cusls NCs, which is potentially attributed to the
NC decomposition. In addition, increasing the concentration of
OA associated with both Cs-oleate and Cul precursor streams
was revealed to enhance PL; of Cs3Cuzls NCs, which illustrates
the crucial passivating role of OA in enhancing the PL emission
of NCs by reducing nonradiative recombination.?® Increasing the
concentration of OAm associated with the Cul precursor stream
was found to have a diminishing impact on PL, of Cs3Cu,ls NCs,
potentially due to the detrimental effects of excess OAm on the
NC growth.53%% It is worth noting that the concentration of the
Cs-oleate precursor was not ranked as highly important in
controlling PL, of Cs3Cuzls NCs, which suggests the initial
concentration of the Cs-oleate precursor solution in this study
was relatively high.

In addition to facilitating the NC synthesis process analysis,
the digital twin model obtained via the explorative autonomous
campaign can be utilized to visualize the high-dimensional
chemical space of the Pb-free MHP NCs. Figure 7B illustrates the
visualization of the output (PL)) surface plot as a function of the
two most features (synthesis input
parameters) obtained from the Shapley analysis while
maintaining the remaining synthesis parameters constant. As
observed, the Cs3Cu,ls NCs PL, is improved as the Cul precursor
concentration and the reaction temperature increase, which
agrees well with what we discussed above.

important model
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Figure 7. Accelerated fundamental studies of Cs3Cu;,ls NCs synthetic
chemistry using the digital twin model: A) Shapley additive
explanation plot of PL,. B) Surface plot showing the impact of the
top two synthesis input parameters on PL,.
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In the subsequent autonomous experimentation
campaigns, we utilized the trained digital twin as the surrogate
model in a BO framework for autonomous emission
optimization of the in-flow synthesized Pb-free MHP NCs.
Utilization of the trained digital twin enables access to the prior
knowledge obtained in the autonomous explorative campaign
to accelerate discovery of the optimal synthetic route of the
highest-performing CssCuzls NCs with minimal experimental
cost (number of experimental iterations). The automated
experiment-selection strategy of BO has a profound impact on
the navigation through the accessible experimental synthesis
space of Pb-free MHP NCs. Thus, we explored three different
decision-making policies, expected improvement (El), pure
exploitation (EPLT), and upper confidence bound (UCB), and
benchmarked them against a random sampling campaign. An
experimental budget of 10 iterations was utilized for each
autonomous NC synthesis optimization campaign. Details of
different campaigns reported the
Supporting Information (see S8). Figure 8A presents the results
of NC campaigns
conducted with the same batch of NC precursors over 1 day of

optimization are in

autonomous synthesis optimization
continuous experimentation with no manual intervention. All
three decision-making policies (EI, EPLT, and UCB) were
successful in identifying Cs3Cuals NC synthetic routes with PL,
values exceeding the maximum value achieved in both partial
grid search and explorative campaign. This result highlights the
necessity of informed chemical space exploration to identify the
synthetic route of highest-performing Cs3Cu,ls NCs. The El
experiment-selection policy using the informed surrogate
model (trained on 60 experiments among which 51 were
autonomously selected) reached the maximum PL; within the
least number of experimental iterations (six experiments), while

UCB and EPLT policies required eight and ten iterations,
respectively, to identify the highest-performing Cs3;Cuzls NCs.
On the other hand, the random sampling campaign significantly
underperformed within the same experimental budget with the
maximum PL, ~20% lower than the best value identified by the
El decision-making policy. This result further demonstrates the
importance of active learning for accelerated navigation and
optimization of high-dimensional synthesis spaces. The El
decision-making policy directly measures the improvement of
the defined objective function and emphasizes the actions with
the highest expected improvement over the current best value
in the dataset, allowing for faster convergence to the optimal
conditions compared to the other decision-making policies
tested here. Figure 8B illustrates the evolution of independent
input parameter selections of different decision-making policies
within the given experimental budget. It should be pointed out
that the uncertainty of the digital twin model necessitates the
closed-loop autonomous experimental optimization campaigns
to identify the optimal synthetic routes while continuously
updating and improving the current belief (surrogate model).

Figure 8C shows the in-situ absorption and PL spectra of the
highest-performing Cs3Cuzls NCs autonomously discovered
using an informed BO framework with an El decision-making
policy. The in-flow synthesized Cs3Cu;ls NCs (purified) had a
PLQY of ~17%. Figure 8D illustrates the X-ray diffraction (XRD)
analysis of the purified high-performing Cs3Cuzls NCs
synthesized in-flow, obtained using the El decision-making
policy. The XRD data confirms an orthorhombic crystal structure
of Cs3Cuyls NCs.® Figure S9 presents a TEM image of the
highest-performing Cs3Cusls NCs autonomously achieved using
an El decision policy. Additional details of the purification
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Figure 8. Closed-loop autonomous optimization campaigns: A) Representation of the best-condition-so-far and B) Evolution of independent
input parameter selections for autonomous search of finding the highest PL, in optimization campaigns under different decision-making
policies, benchmarked against random sampling. C) The in-situ absorption and PL spectra and D) XRD pattern of the highest-performing
Cs3Cu,ls NCs discovered using the El experiment-selection policy. A complete list of autonomous experiments is provided in Table S3.
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protocol, TEM imaging, and XRD analysis are reported in the
Supporting Information (see S9).

4. Conclusions

In  summary, have developed autonomous

experimentation platform for accelerated synthesis science

we an
studies and synthetic route optimization of Pb-free MHP NCs.
The developed modular microfluidic platform, for the first time,
enabled successful and reproducible synthesis of a particular
type of Pb-free MHPs, Cs3Cu,ls NCs, in flow. The automated
operation mode of the developed flow chemistry platform was
utilized to rapidly investigate the effects of synthesis input
parameters on the optical properties of Cs3Cuzls NCs. The SDFL
equipped with a BO framework was then deployed to rapidly
map the synthesis-property space of Cs3Cuils NCs. The
autonomously mapped NC synthesis space was then utilized for
(i) building a predictive digital twin model and (ii) closed-loop
optimization of the optical properties of the in-flow synthesized
Pb-free MHP NCs. The developed digital twin model was first
utilized for fundamental mechanistic studies of the Cu-based
MHP NCs. Next, the digital twin model was used as an informed
surrogate model for fast-tracked synthetic route discovery of
high-performing Cs3Cuzls NCs chemical
consumption and waste generation. The SDFL unveiled in this

with  minimum

work can accelerate the development and adoption of eco-
friendly MHP NCs by printed clean energy technologies.
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