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Smart Dope: A Self-Driving Fluidic Lab for Accelerated
Development of Doped Perovskite Quantum Dots

Fazel Bateni, Sina Sadeghi, Negin Orouiji, Jeffrey A. Bennett, Venkat S. Punati,
Christine Stark, Junyu Wang, Michael C. Rosko, Ou Chen, Felix N. Castellano,

Kristofer G. Reyes, and Milad Abolhasani*

Metal cation-doped lead halide perovskite (LHP) quantum dots (QDs) with
photoluminescence quantum yields (PLQYs) higher than unity, due to
quantum cutting phenomena, are an important building block of the
next-generation renewable energy technologies. However, synthetic route
exploration and development of the highest-performing QDs for device
applications remain challenging. In this work, Smart Dope is presented,
which is a self-driving fluidic lab (SDFL), for the accelerated synthesis space
exploration and autonomous optimization of LHP QDs. Specifically, the
multi-cation doping of CsPbCl, QDs using a one-pot high-temperature
synthesis chemistry is reported. Smart Dope continuously synthesizes
multi-cation-doped CsPbCl; QDs using a high-pressure gas-liquid segmented
flow format to enable continuous experimentation with minimal experimental
noise at reaction temperatures up to 255°C. Smart Dope offers multiple
functionalities, including accelerated mechanistic studies through digital twin
QD synthesis modeling, closed-loop autonomous optimization for accelerated
QD synthetic route discovery, and on-demand continuous manufacturing of
high-performing QDs. Through these developments, Smart Dope
autonomously identifies the optimal synthetic route of Mn-Yb co-doped
CsPbCl; QDs with a PLQY of 158%, which is the highest reported value for
this class of QDs to date. Smart Dope illustrates the power of SDFLs in
accelerating the discovery and development of emerging advanced energy
materials.

1. Introduction

Colloidal inorganic lead halide perovskite
(LHP) quantum dots (QDs) represent a
class of highly advanced functional ma-
terials renowned for their facile solution
processing and multifaceted applications
in a broad spectrum of photonic and
energy devices.'! These ionic QDs
exhibit exceptional optoelectronic prop-
erties, prominently characterized by their
high photoluminescence quantum yield
(PLQY), narrow emission linewidth,
and the ability to tune their emission
color through size and compositional
modifications.>*!  Consequently, they
serve as versatile building blocks for an
extensive array of optoelectronic applica-
tions, including light emitting diodes,”*#!
lasers,l’! photodetectors,'! and lumi-
nescent solar concentrators (LSCs).[1113]

Impurity metal cation doping has
emerged as a promising strategy for en-
hancing and tailoring the application-
specific properties of LHP QDs with
high precision and versatility.'*!*] Tran-
sition metal and lanthanide ions, such as
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manganese (Mn?*) and ytterbium (Yb**), when incorporated into
LHP QDs as metal cation dopants, not only introduce additional
emission windows induced by the internal Mn d-d and YD f
f states within the visible and near-infrared (NIR) regions, but
also introduce novel magnetic and down-conversion properties
to the host LHP QDs.'2%] Specifically, cesium lead chloride
(CsPbCl;) QDs which possess the highest bandgap among other
metal halide perovskite candidates, provide a more efficient en-
ergy transfer to the internal d-d and f-f states, thereby making itan
ideal host for metal cation doping. This unique and tunable in-
tegration of impurity metal cations significantly enhances light
harvesting and down-conversion capabilities of LHP QDs, lead-
ing to their improved performance in energy devices, particularly
downconverters, and LSCs.[*}17]

The incorporation of multiple impurity metal cation dopants
into the expansive synthesis reaction space of LHP QDs intro-
duces a significantly larger explorative experimental space aris-
ing from the diverse range of metal cations, dopant concen-
trations, and doping ratios that can be employed in addition
to the synthetic reaction space of pristine LHP QDs.["28] The
multifaceted role of synthesis parameters on the optical prop-
erties of the resulting QDs makes comprehensive exploration
of the multicomponent QDs even more challenging. Conse-
quently, the exploration, development, synthetic route discovery,
and optimization of multi-cation-doped LHP QDs with conven-
tional batch-based trial-and-error methods are time-consuming
and labor-intensive and lead to substantial materials consump-
tion (cost) and waste generation.[?-*1] Clearly, conventional one-
at-a-time manual experimentation methods are inadequate to
reach the required development pace of LHP QDs. Thus, there
is a significant need for an alternative materials development
platform.

The recent emergence of machine learning (ML)-assisted
closed-loop experimentation approaches, known as self-driving
labs (SDLs), offers a promising solution to expedite the pace of
materials discovery, development, and optimization.*2-% These
autonomous experimentation platforms leverage process au-
tomation and advanced ML algorithms to automate the exper-
imental workflow iteration of hypothesis formulation, experi-
mental planning and selection, execution of the selected exper-
iments, and analysis of the experimental results. SDLs pave the
way for accelerated materials research and development by facili-
tating high-throughput and data-driven exploration of the chem-
ical space.3**2] Over the past three years, proof-of-concept SDLs
utilizing batch reactors have been demonstrated for rapid ex-
ploration and synthesis of advanced functional materials, in-
cluding metallic and semiconductor nanoparticles and thin-film
materials.[3—]

The majority of existing SDLs for materials development have
relied mainly on batch-based experimentation techniques. How-
ever, batch reactors inherently suffer from several limitations,
including the discontinued nature of experimentation, irrepro-
ducible heat and mass transfer rates, and limited accessibility for
in situ characterization techniques, resulting in materials-, cost-,
and time-intensive procedures within an SDL.[2>?748] These is-
sues are even more manifested in the synthesis of multi-cation-
doped LHP QDs due to their fast nanocrystal formation kinetics
and the inefficient mixing environment in conventional batch
reactors. A key requirement of SDLs to accelerate the pace of
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materials discovery, development, and optimization is access
to high-quality experimental data with minimum experimental
noise.?3%] These high-fidelity experimental data serve as the
foundational pillars for data science tools of SDLs employed for
automated modeling and subsequent experiment-selection tasks
within the autonomous experimentation approach. However, the
time-consuming nature of manual or even automated sampling
from batch reactors presents a significant bottleneck in provid-
ing the necessary large volume of high-quality experimental data
to ML algorithms embedded in SDLs, impeding their ability to
navigate accurately and efficiently within the vast chemical space
of colloidal QDs.[>*]

Alternatively, microscale flow chemistry strategies offer a more
favorable technological solution for accelerated materials devel-
opment with SDLs.[2323438] Additionally, flow chemistry plat-
forms enable facile integration of multimodal in situ and/or on-
line material characterization probes, efficient process automa-
tion, and reliable and accurate reaction control.l?®3133] These
unique advantages, directly related to the quality and quan-
tity of experimental data required for the ML algorithms of
SDLs, make flow reactors an ideal tool for accelerated mate-
rials development. Therefore, navigating the autonomous ex-
perimentation technologies toward self-driving fluidic labs (SD-
FLs) represents an ideal path for the fast-tracked discovery,
development, and optimization of multi-cation doped LHP
QDs.35:36]

This study presents Smart Dope, which is an SDFL for the ac-
celerated development of multi-cation-doped LHP QDs. Specifi-
cally, we focus on synthesizing and optimizing Mn-Yb co-doped
LHP QDs using a one-pot heat-up synthesis technique. Smart
Dope leverages a modular flow chemistry platform as its core
hardware and an ensemble neural network (ENN) as its ML
tool for input (synthesis parameters)-output (PLQY) mapping
of multi-cation-doped LHP QDs. Additionally, Smart Dope is
equipped with Bayesian optimization for autonomous synthetic
route optimization of colloidal QDs. Smart Dope rapidly inves-
tigates the complex synthesis space of Mn-Yb co-doped CsPbCl,
QDs and autonomously unveils the optimal synthetic route re-
sulting in the highest PLQY reported to date (158%). First,
Smart Dope automatically screens the experimental synthesis
space of QDs via Latin hypercube sampling (LHS). The LHS
provides in-house generated experimental data for building an
ML model (digital twin) of the multi-cation doping chemistry
that is subsequently used for both mechanistic and fundamental
studies of the multi-cation-doped LHP QDs. Next, Smart Dope
utilizes its automatically generated multi-cation doping chem-
istry knowledge to autonomously optimize the total PLQY of
multi-cation-doped LHP QDs iteratively via Bayesian optimiza-
tion. Smart Dope demonstrates a rapid and intelligent explo-
ration of a vast experimentally accessible parameter space of
multi-cation-doped LHP QDs, exceeding over 1.9 x 10" poten-
tial synthetic conditions (Figure S2, Supporting Information).
The autonomous search through the multivariate experimen-
tal space of advanced functional materials using the developed
SDFL not only saves significant time, precursor resources, and
labor but also yields high-performance multi-cation-doped LHP
QDs that serve as exceptional building blocks for the fabrica-
tion of printed photonic devices employed in light-harvesting
applications.
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Figure 1. Schematicillustration of Smart Dope’s modular hardware, including the fluid delivery, X,-Xgq, formulation and reaction, in situ characterization,

temperature controller, X;, and pressure control modules.

2. Results and Discussion

2.1. Smart Dope Hardware

Smart Dope’s hardware, illustrated in Figure 1, is built on a flow
chemistry platform comprising four key modules: fluid deliv-
ery, formulation and reaction, in situ characterization, and pres-
sure control. In the fluid delivery module, eight syringe pumps
equipped with gas-tight stainless steel syringes were utilized
to guide the liquid precursors at specific volumetric flow rates
through a 9-way fluidic manifold. A two-phase gas-liquid seg-
mented flow was generated within the formulation and reaction
module by combining the mixed QD precursors stream as the
reactive phase and argon (Ar) gas as the inert carrier phase at a
T-junction. Additional details of the experimental setup and pre-
cursor concentrations can be found in the Experimental Section.
The formed gas-liquid segmented flow was directed into a stain-
less steel flow reactor, maintained at temperatures ranging from
160 °C to 255 °C. The main reaction followed a one-pot heat-up
synthetic approach, with the residence time (ty) in the flow re-
actor varying between 15 s to 42 s, depending on the total lig-
uid and gas flow rates. Smart Dope could explore 250 different
experimental conditions with a single batch of the QD precur-
sors. The automated synthesis of multi-cation-doped LHP QDs
was achieved by controlling nine independent input parameters,
including reaction temperature and volumetric flow rates of the
eight liquid precursors (cesium acetate: [Cs], lead acetate: [PD],
chlorotrimethylsilane: [Cl], manganese acetate: [Mn], ytterbium
acetate: [Yb], oleic acid: [OA], oleylamine: [OAm], 1-octadecene:
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[ODE]). To ensure consistent slug formation at different reaction
temperatures and residence (synthesis) times in the flow reactor,
the volumetric flow rate of the inert carrier gas was automati-
cally adjusted based on the total liquid volumetric flow rates and
a constant gas-to-liquid volumetric ratio. Following the in-flow
synthesis at high temperatures, the reactive liquid slugs contain-
ing Mn-Yb co-doped CsPbCl; QDs were rapidly cooled to room
temperature before entering the in situ characterization module,
where their UV-vis-NIR absorption and photoluminescence (PL)
spectra were recorded automatically. Finally, the reactor’s outlet
was connected to a back-pressure regulator (BPR) operating at
95 psig using nitrogen (N,) gas to minimize the expansion of
the carrier gas phase at high reaction temperatures and ensure
uniform liquid slug formation throughout the in-flow synthesis
and online characterization processes. Thermal quenching of-
fered by the enhanced cooling rate of the microscale flow reac-
tor was utilized for rapid termination of the in-flow synthesized
QDs.[%8] Figure S1 (Supporting Information) shows the assem-
bly of Smart Dope’s modular flow chemistry hardware for au-
tonomous high-temperature synthesis of Mn-Yb co-doped LHP
QDs.

Next, we will discuss the robustness and reproducibility
of Smart Dope’s hardware, which are foundational to achiev-
ing closed-loop autonomous experimentation. We will then
present the integration of the Smart Dope’s hardware with
Bayesian optimization, leading to the creation of an SDFL
capable of autonomous synthetic route discovery, optimiza-
tion, and continuous manufacturing of multi-cation-doped LHP

QDs.
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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 emis-
sion peak arises from incorporating f-f states within the bandgap
(BG) of LHP QDs, particularly when lanthanide dopants such
as Yb** ions are utilized. Developing a reliable in situ spectral
characterization method capable of accurately capturing PL spec-
tra of lanthanide-doped LHP QDs becomes imperative for au-
tonomous experimentation. Specifically, it is crucial to develop
an in situ QD characterization technique that closely matches
the accuracy of more powerful benchtop spectrometers. In this
regard, we have devised a spectral benchmarking approach to
align and correct the in situ measured PL spectra of the multi-
cation-doped LHP QDs versus offline measurements. Detailed
information regarding the in situ spectral validation can be found
in the Supporting Information (Figure S4, Supporting Infor-
mation). The primary objective of this study is to identify the
most optimal Mn-Yb co-doped LHP QDs with enhanced op-
tical properties, particularly focusing on achieving the highest
PLQY. To achieve this objective, leveraging the benchmarked in
situ UV-vis-NIR absorption and PL spectroscopy module, we de-
veloped an in situ PLQY measurement strategy and validated
it against offline absolute PLQY measurements for the same
multi-cation-doped LHP QDs. This in situ relative PLQY mea-
surement technique enabled real-time calculation of individual
PLQY values corresponding to the BG, Mn, and Yb emissions.
Further details regarding the relative PLQY calculations can be
found in the Supporting Information (Figure S5, Supporting
Information).

2.2. Hardware Automation

Developing robust process automation is crucial to building
a fully closed-loop autonomous experimentation framework as
the foundation of Smart Dope. This process automation work-
flow should encompass experimental execution, data acquisi-
tion, and data analysis. The process automation workflow of
Smart Dope was developed to maintain 24/7 control over the
operation of the modular flow chemistry setup. The custom-
developed process automation of Smart Dope (LabVIEW, see
Figure S6, Supporting Information) was coupled with a Python
script for automatic parsing of experimental conditions, pro-
cess operation, data recording, and data analysis to obtain real-
time spectral information of the in-flow synthesized Mn-Yb co-
doped CsPbCl; QDs. The process automation of Smart Dope
included starting the flow of QD precursors into the reactor
once the system reached a steady-state temperature. Addition-
ally, Smart Dope was equipped with the automatic acquisition
of UV-vis-NIR absorption and PL spectra after the equilibrium
waiting time (¢;), which guarantees data recording occurs when
the flow reactor’s Mn-Yb co-doped LHP QDs synthesis reaction
has reached steady-state. Furthermore, Smart Dope’s operation
workflow incorporated an automated intermittent flow reactor
washing protocol to ensure consistent and reproducible reac-
tor performance, enabling uniform and high-quality continuous
manufacturing of multi-cation-doped LHP QDs over long-term
operation while preventing nanocrystal precipitation and reactor
fouling.
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2.3. Ex Situ Characterization of the In-Flow Synthesized QDs

Next, Smart Dope was utilized to synthesize two samples of pris-
tine CsPbCl; QDs and Mn-Yb co-doped CsPbCl; QDs for ex situ
structural characterizations to verify the successful one-pot col-
loidal synthesis of multi-cation-doped LHP QDs (Figure S6, Sup-
porting Information). The in-flow synthesized QDs were then
utilized for a detailed analysis of luminescence properties and
colloidal stability of undoped and Mn-Yb co-doped CsPbCl,; QDs
(see Figure S6, Supporting Information). The transmission elec-
tron microscopy (TEM) images, along with their corresponding
histograms depicted in Figure S6A,B (Supporting Information),
demonstrate a uniform cubic morphology for both the pristine
and Mn-Yb co-doped CsPbCl; QDs with an average edge length
of 9.79+1.53 nm and 8.53+1.22 nm, respectively. Table S1 and
S2 (Supporting Information) provide a summary of the energy-
dispersive X-ray spectroscopy (EDS) analysis conducted on the
surfaces of the doped and undoped samples, confirming the
successful incorporation of Mn?* and Yb** ions into the crys-
talline structure while maintaining an atomic ratio similar to
that of pristine CsPbCl; QDs. Figure S6C (Supporting Infor-
mation) presents the X-ray diffraction (XRD) patterns of un-
doped CsPbCl; QDs and Mn-Yb co-doped CsPbCl; QDs, provid-
ing evidence of a pure crystalline cubic phase that remains un-
affected during the metal cation doping process.!'!*°1 Notably,
the XRD peaks of the multi-cation-doped QDs exhibit a slight
forward shift, attributed to the impact of cation doping with
Mn?* and Yb** ions, which possess smaller ionic radii compared
to Pb** ions. As a result of substituting Pb** ions with impu-
rity metal cation dopants, there is a reduction in the crystalline
size, consistent with the average nanocrystal size observed in the
TEM images.['*% These peak shifts and size reductions signify
a homogeneous metal cation doping mechanism, wherein the
dopants diffuse inward into the crystalline structure rather than
residing solely on the surface of the host nanocrystals, which
would indicate heterogeneous doping.[*] Moreover, the presence
of six hyperfine splitting profiles (A = 88 G) in the electron para-
magnetic resonance (EPR) spectrum of the multi-cation-doped
LHP QD sample with respect to the absence of any EPR peaks for
the pristine QDs (Figure S6D, Supporting Information) demon-
strates the successful incorporation of Mn?* ions into the cu-
bic structure of CsPbCl; QDs following a homogenous doping
mechanism achieved via Smart Dope.>") In order to further verify
the successful multi-cation doping of LHP QDs, the in-flow syn-
thesized QDs were characterized via X-ray photoelectron spec-
troscopy (XPS). XPS spectra of the co-doped CsPbCl, QDs pre-
sented in Figure SG6E-I (Supporting Information) provide evi-
dence of the successful incorporation of Mn?* and Yb** ions into
the host CsPbCl; QDs following the high-temperature in-flow
metal cation doping process. The ex situ structural characteri-
zations of the in-flow synthesized QDs by Smart Dope demon-
strates the success of the developed flow chemistry strategy in fa-
cilitating the incorporation of impurity transition and lanthanide
metal cations into the crystalline structure of the host LHP QDs.

2.4. Hardware Characterization and Reproducibility

In the next step, we conducted a comprehensive study of the
performance and reliability of Smart Dope’s hardware for the

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

QSUAOIT suowwo)) dANea1)) dqedrjdde ayy Aq pauIaAoS are s3oNIR Y ash Jo s3] 10J A1eIqIT dul[uQ AJIAL UO (SUOIIPUOD-PUB-SULIA)/ WO KJ[IM" AIRIqI[aUl[u0//:5d11y) SUONIPUOY) PUB SWLIS [, Y3 39S *[$707/90/67] U0 A1e1qiT auluQ A3[IM ‘€0EZ0ETOT WUIR/ZO0] 0 /10p/wod K3[1m*ATeiqijautjuo//:sdny woly papeojumod ‘I ‘4707 ‘0¥89+191


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED

SCIENCE NEWS AVERIAL
www.advancedsciencenews.com www.advenergymat.de
A B D )
23 = % 9.9 -0 ---ol°3 P
162 ¢=u i tro-9-5--0 E 198 J‘,I)OA :
2r = ° o con| 2,859%709309908050%
81l g S g | e
ol )—opsig]| 3B ; “é’ 4 ! i
» { |
207 - g 0.00 | P = (Al : ;
” o
138 N R R 9000
= F9--9--0 -9 g0 I 050050800090
£ 0 weag| & 7+ “ooee
=t w 0.00 ! !
3 Q o 56
<0l @Qoae 90990990 ol | | o o ° o N‘JMA_;‘M‘_W
60 2 o209 .No%mqm
0 @ 70Psig ° ]
- - Y LA
1 g 431! i S 2 -
£ i -} v £ 56l R
N8 L = : = 0 5
“ { [ w [ 9--9--9-03e0- 2 ;
sol : Washlng:[ydc 1 WashingCyde 2 o Time (min)
5 P .0 1@ o —@—t.=2.8 min
ot ‘ L _‘r‘l?"’"g 00 N l . 00 . -t )
0 5 10 15 0 10 20 30 40 0 5 10 t.=4.2min
L Time (min) Time (min) lteration # ~Q-1=5¢6 """/

Figure 2. Characterization of Smart Dope’s hardware regarding flow formation stability, precision, and reproducibility: A) Effect of reaction pressure
on the temporal evolution of reactive phase travel time. B) Temporal evolution of Abs3gsnm, Syn/sgs @nd Syp g for a constant QD synthesis condition
over 60 min. C) Assessment of Smart Dope’s QD synthesis reproducibility for a constant synthesis condition (black dots) following the application of
5 randomly selected (red dots) synthesis conditions. D) Examination of the impact of dynamic residence time to determine the multiple of residence
times required to wait before reaching steady-state operation applicable to all autonomous conditions.

automated synthesis of advanced energy materials. Specifically,
we focused on three key aspects: i) ensuring proper mixing and
uniform flow segmentation, ii) establishing reliable continuous
operation, and iii) achieving reproducible in-flow QD synthesis.
These investigations provide substantial evidence for the viabil-
ity of long-term continuous operation of Smart Dope’s hardware
before conducting autonomous experimentation.

As part of the flow system characterization, the stability and
uniformity of the gas-liquid segmented flow were investigated.
The temporal PL intensities were monitored continuously at a
specific wavelength (400 nm) for 15 min to visually distinguish
the reactive phase from the inert gas phase and assess the aver-
aged travel time for 1 min. This segmented flow characterization
technique, illustrated in Figure S7 (Supporting Information), en-
abled the identification of the passage of inert gas and reactive
phase slugs. Next, we studied the effect of varying the reaction
pressure via a back-pressure regulator attached to the segmented
flow reactor outlet on the uniformity of the reactive phase lig-
uid slugs (Figure 2A). It is evident from the results shown in
Figure 2A that only operating at reactor pressures higher than
70 psig ensures a uniform flow segmentation. Considering the
importance of uniform mixing rates in the segmented flow reac-
tor for achieving consistent quality of Mn-Yb co-doped LHP QDs,
the back-pressure regulator was set at 95 psig to ensure uniform
average flow velocity for both gas and liquid segments (i.e., con-
stant residence time) once the system reaches steady-state oper-
ation. It is worth noting that the steady-state time for the studies
shown in Figure 2A was measured when only the precursor lines
were filled, and the reactor’s outlet contained no slugs from pre-
vious in-flow QD synthesis experiments.

The reliability of Smart Dope’s hardware for the continuous
synthesis of Mn-Yb co-doped LHP QDs was assessed using three
optical features obtained in situ (Figure 1): the absorbance value
at 365 nm (Abs;s,,,,, reaction yield proxy), the area ratio of the
Mn to BG emission peak (S, g, Mn emission proxy), and the
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area ratio of the Yb to the BG emission peak (Sy g, Yb emis-
sion proxy). Normalizing the peak emissions areas of the Mn
and Yb emission peaks with respect to the BG emission peak en-
abled relative analysis of PLQY values of the co-doped LHP QDs
at different synthesis conditions (required for autonomous opti-
mization), independent of the absolute PL emission area values.
Figure 2B illustrates Smart Dope’s response for all three in situ
obtained optical features (Abssgsm> Swmn/pcs Sybc) of Mn-Yb co-
doped CsPbCl; QDs, with standard deviations 3.6%, 4.9%, 4.8%,
respectively after implementing a washing cycle every 15 min and
allowing sufficient transient time (=5 min) to reach the steady-
state operation. The intermittent automated washing protocol,
performed every 15 min on the stream of Smart Dope, effec-
tively prevents QDs’ precipitation and reactor fouling, ensuring
the flow system’s long-term operational stability for Smart Dope’s
autonomous experimentation mode.

Next, to assess the reproducibility of Smart Dope’s perfor-
mance regarding its automated process operation and repro-
ducibility of the in situ spectral response for a given QD syn-
thesis condition, an experimental perturbation study was con-
ducted with five randomly specified QD synthesis conditions
sequentially performed between a constant reference synthesis
condition. Figure 2C 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 robust-
ness and reliability of Smart Dope’s hardware in achieving repro-
ducible results, which is an important feature for minimizing the
experimental noise of SDLs.

In order to determine the appropriate equilibrium time for ini-
tiating in situ characterization of the in-flow synthesized QDs, it
is essential to establish the multiple residence times needed for a
given QD synthesis condition in Smart Dope to reach steady-state
operation. Thus, three QD synthesis conditions were tested in a
sequence with nominal residence times of 0.93 min, 1.4 min, and
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Figure 3. Automated in-flow exploration of the vast reaction space of multi-cation-doped LHP QDs. The presented PLQY results show the complex-
ity of the high-dimensional Mn-Yb co-doped CsPbCl; QD synthesis which underscores the necessity for accelerated optimization through advanced

autonomous experimentation by Smart Dope.

1.86 min. The optical features of the three tested QD synthesis
conditions, presented in Figure 2D, illustrate that the flow chem-
istry platform consistently reaches steady-state operation before
3x the nominal residence time of a given QD synthesis condition.
Finally, the long-term stability of the QD precursors was tested
over five days for a single synthesis condition. Figure S8A,B (Sup-
porting Information) exhibits consistent spectral responses for
the same batch of QD precursors and the same QD synthesis
condition over five days, indicating both the stability of the QD
precursors and the reliability of Smart Dope’s hardware for its
autonomous operation over multiple days, see Supporting Infor-
mation (Figure S9, Supporting Information).

2.5. Automated In-Flow Screening of Multi-Cation-Doped LHP
QDs

To glean preliminary insights into the synthesis chemical space
of Mn-Yb co-doped LHP QDs, a partial grid search study was
conducted using the automated operation mode of Smart Dope.
This parameter space exploration study involved only varying
an input parameter of interest while keeping the remaining
input parameters constant and measuring the corresponding
PLQYs. The results of this automated parameter space explo-
ration study are summarized in Figure 3, which illustrates the
impact of each input parameter on the PLQYs as they tran-
sition from lower to higher values. The recorded UV-vis-NIR
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PL and absorption spectra for each partial grid study condi-
tion can be found in Figures S9 and S10 (Supporting Infor-
mation) respectively. Moreover, a summary of the measured
PLQYs obtained from the in-flow screening studies is provided
in Table S4 (Supporting Information). These preliminary find-
ings offer valuable insights into the metal cation doping mech-
anism of LHP QDs at high temperatures and facilitate the QD
synthesis parameter boundaries adjustment within their respec-
tive dimensionless equations. Defining the boundaries of the
experimental space facilitates a more efficient and focused au-
tonomous navigation process, reducing the overall experimen-
tation time and minimizing material consumption for subse-
quent autonomous experimentation campaigns. For instance,
increasing the concentration of Cs precursor led to an en-
hancement in the total PLQY, as it facilitated the formation of
more QDs which can be observed from the rise of Absy,,
value (Figure S10A, Supporting Information). Increasing the
concentration of Pb precursor also increases the number of
formed QDs (Figure S10B, Supporting Information). Still, it lim-
ited the diffusion of Yb** ions within the QDs due to the in-
creased population of free Pb?* ions in the reaction mixture. The
concentration of Cl precursor influenced the diffusion of Yb**
ions, suggesting the formation of complexes between Yb** and
Cl~ ions for metal cation insertion into the QD lattice. How-
ever, excessive amounts of Cl~ ions and a higher population of
free Yb** ions led to the removal of more Pb?* ions, disrupting
the perovskite crystal structure and decreasing the population of
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QDs (Figure S10C, Supporting Information). Increasing the con-
centration of Mn precursor resulted in higher Mn doping levels.
Still, it limited the incorporation of Yb** ions. Subsequently, it re-
stricted the accessible total PLQY, which agrees with the results of
Chen et al. where it was demonstrated that high Mn doping lev-
els can quench the Yb-induced emissions.!'!] Moreover, increas-
ing the concentration of Yb precursor initially increased the to-
tal PLQY, but excessive Yb** ions acted as a diffusion barrier for
further incorporation of metal cation dopants and negatively af-
fected the crystalline integrity of the QDs (Figure S10E, Support-
ing Information).

Regarding the impact of ligands, increasing the OAm precur-
sor concentration initially increased the Mn doping level, as Mn?*
ions were found to form complexes with Oleylamonium ions for
exchange with Pb?* ions within the host QDs.['*5152] However, an
excess of oleylammonium ions could deteriorate the crystalline
integrity of the host QDs and limit the incorporation of Yb**
ions.[1*51521 On the other hand, the concentration of OA precur-
sor had a minor impact on forming more QD hosts. However, by
likely bringing freely available Cs* ions into the crystalline struc-
ture, increasing the OA precursor concentration can improve the
Mn doping level and thereby limit the incorporation of Yb** ions
as a secondary metal cation dopant.

The impact of reaction temperature was also studied, reveal-
ing that the maximum Mn doping level was obtained between
190 °Cto 210 °C. In comparison, the Yb doping level was limited
between 170 °C to 210 °C and exponentially increased between
210 °C to 240 °C. Further increase of the reaction temperature
beyond 240 °C diminished the formation of multi-cation-doped
LHP QDs and resulted in lower total PLQYs than QDs synthe-
sized at lower temperatures. Additionally, the impact of reaction
(residence) time on the PLQY of multi-cation-doped LHP QDs
was investigated by varying the reactor’s length (volume) at a con-
stant total volumetric flow rate (i.e., similar mixing rate). It was
found that the developed one-pot heat-up synthesis approach of
multi-metal cation-doped LHP QDs required a reaction time of
17 s to 35 s to achieve the highest PLQY and reaction yield. Pro-
longing the reaction time beyond 35 s at high reaction tempera-
tures led to reduced metal cation doping levels due to the decom-
position of the formed host QDs. Therefore, it is necessary to
quench the reaction after 35 s to maintain optimal synthesis con-
ditions. Overall, the automated QD parameter space screening
provided valuable knowledge for narrowing down the reaction
temperature range for lanthanide doping of LHP QDs. The high-
est obtained PLQY throughout the automated partial grid search
was 136% (also shown in Table S4, Supporting Information), with
minimal contribution of the BG PLQY to the total PLQY. These
findings motivate further optimization of Mn and Yb doping to
maximize the total PLQY of Mn-Yb co-doped CsPbCl; QDs via
the autonomous operation mode of Smart Dope.

2.6. Autonomous Multi-Cation-Doping of LHP QDs

The high-dimensionality of the experimental space associated
with Mn-Yb co-doped LHP QDs poses significant challenges
in the search for the optimal QD formulation with the highest
PLQY. The advent of SDFLs and the implementation of closed-
loop autonomous experimentation offer an informed and effi-
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cient means of navigating this vast and multivariate parameter
space with minimal experimental iterations. Therefore, in the
next step, we designed a global learning stage, conducting 150
automated QD synthesis experiments at reaction conditions se-
lected by LHS to provide unbiased experimental data from the
accessible QD synthesis experimental space. The LHS experi-
mental data was then utilized for building a digital twin of the
one-pot multi-cation QD doping reaction and an accurate surro-
gate model for subsequent closed-loop optimization campaigns.
To address the chemical space’s complexity, we focused on op-
timizing three key optical properties of the in-flow synthesized
QDs: Abs;gs,m, Svn, and Syy. These three process outputs were
then transformed into total PLQY to maximize its value. Map-
ping these in situ measured QD optical features to the synthe-
sis input parameters (X;, i = 1-9) was achieved through an ML
approach, employing an ENN with fine-tuned hyperparameters
(see (Section S1.2, Supporting Information)).

The ENN model trained on the LHS experimental data gener-
ated in-house by Smart Dope served to: i) create a belief model,
representing the digital twin of Smart Dope’s physical hard-
ware for fundamental mechanistic studies of the multi-cation
LHP QD synthesis and ii) guide the subsequent experimental
selections for closed-loop autonomous optimization campaigns.
The trained digital twin not only provided precise predictions
(R?>0.87) for the QD optical features of interest (i.e., Smart
Dope’s outputs) but also offered valuable mechanistic insights
into the metal cation doping reaction. Figure 4A—F presents the
performance (accuracy) of the trained digital twin for both the
training and test data sets. Table S5 (Supporting Information)
shows all the experimental conditions with the measured PLQY
values obtained via the automated LHS experiments.

2.7. Discussion

The next step involved utilizing the digital twin knowledge to fur-
ther our understanding of the fundamental mechanistic aspects
of Mn-Yb co-doped LHP QD synthesis chemistry. The trained
ENN digital twin generated Shapley additive explanation plots
for each QD optical feature (process output), ranking the impor-
tance of QD synthesis input parameters from highest to lowest
(Figure 5A) for the precursor chemistry employed in this study. It
should be noted that the results of Shapley additive explanation
plots of the reaction parameters should be considered along with
the nanocrystal synthesis science of QDs to facilitate a better un-
derstanding of the role of synthesis input parameters on the re-
sulting optical properties and performance of the product (multi
cation-doped LHP QDs). Therefore, although all synthesis input
parameters are found to affect the output properties of the in-flow
synthesized QDs (Figures 3 and 5), we limited our analysis only to
the most significant model features with the largest SHAP value
span. The Shapley analysis in Figure 5A suggests that Pb and
Cl precursors’ concentration represents the most important QD
synthesis input parameters affecting Abs, ¢ ... of Mn-Yb co-doped
CsPbCl; QDs. The Shapley analysis results, generated from the
ENN digital twin model of the multi-cation-doped LHP QDs, are
well-aligned with the formation mechanism of LHP QDs, where
Pb and Cl are the key elements of the host QD structure and play
a crucial role in determining the reaction yield of the one-pot QD

© 2023 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH

QSUAOIT suowwo)) dANea1)) dqedrjdde ayy Aq pauIaAoS are s3oNIR Y ash Jo s3] 10J A1eIqIT dul[uQ AJIAL UO (SUOIIPUOD-PUB-SULIA)/ WO KJ[IM" AIRIqI[aUl[u0//:5d11y) SUONIPUOY) PUB SWLIS [, Y3 39S *[$707/90/67] U0 A1e1qiT auluQ A3[IM ‘€0EZ0ETOT WUIR/ZO0] 0 /10p/wod K3[1m*ATeiqijautjuo//:sdny woly papeojumod ‘I ‘4707 ‘0¥89+191


http://www.advancedsciencenews.com
http://www.advenergymat.de

ADVANCED

SCIENCE NEWS AATERIAL
www.advancedsciencenews.com www.advenergymat.de
/A 06 1B * 1C % )
2=0.97 o 2=0.95 e ?=0.98 o
- 7 7
2 E g 3 g o°
E 0.4 § 0.4 Q .§ 044 8
S 2 s /,OO
£ 5 & ]
S = = 2
E02 | £ 02 £ 024 ‘#
P 3 2
2 9
2 LI
00t : : 00 o.og :
0.0 0.2 . 0.4 0.6 0. 0.6 0. 0.2 . 0.4 0.6
Abs,,, train,measured S,,/train,measured
D o E o F o ,
R?=0.97 L7 L7 R?=0.87
e - = P
5 041 0l0 & ol I 3 04
s 9 oa 3 - =
= o T ° 2 ° ) o .
7 1k [ . s 9.
2 9 5 ¢ 3 ¢ = i 9 o
2 I @ ) 3
£ 02 #%7 = 02 1 ) ° @ 2 02 %909 @
8 o o 9.9 .o ‘ l o b . °
= 9/’ . y % L ‘ O/ L
=< ) s JUC] L?OQQ
N i P[]
00+~ . : 00182 . Y. - ' '
0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6 0.0 0.2 0.4 0.6
S Abs,, . test,measured Sytestmeasured S,stest;measured )

Figure 4. Performance of the digital twin trained using the in-house generated LHS experimental data. Parity plot for measured and predicted output
values of the training data sets for A) Abs;gs ym, B) Syn, @and C) Sy, Parity plot for measured and predicted output values of the test data sets for

E) Abs3gs nm» F) Smn, and G) Syy.

synthesis route. This finding is also consistent with the outcomes
of our partial grid search experiments (Figure S1I0A-C, Support-
ing Information). Analyzing the distribution of SHAP values in
Figure 5A, it is evident that increasing the concentrations of Pb
precursor leads to greater QDs formation (higher Abs, . .) by
potentially enhancing the nucleation rate of the host LHP QDs.
On the other hand, excessive Cl~ ions harm the structural in-
tegrity of the LHP QDs. Examining the importance of QD syn-
thesis input parameters for controlling Mn doping (S,,,) using
Shapley analysis (Figure 5B), reaction temperature and Mn and
PDb precursor concentrations were the most important input pa-
rameters. Here, increasing reaction temperature leads to a de-
crease in Mn doping level. At the same time, higher concentra-
tions of Mn?* and Pb** ions facilitate successful metal cation ex-
change between Mn?* and Pb?* ions, resulting in higher Mn dop-
ing levels (higher S,,, ). Shapley analysis results of Sy;,, shown in
Figure 5C, suggest that reaction temperature and Pb precursor
concentration are the key synthesis input parameters affecting
the Yb emission peak of Mn-Yb co-doped CsPbCl, QDs. Further-
more, the results of Figure 5C reveals that higher Yb doping lev-
els (higher Sy,) require higher reaction temperatures and higher
concentration of Pb?* ions. Although increasing Cl~ ion concen-
tration initially enhances Yb doping, excessive amounts deterio-
rate the QD structure, resulting in lower Yb doping levels. It is
worth noting that the concentration of the Yb precursor is not
ranked as highly important in controlling Sy, (Figure 5C), which
suggests the initial concentration used by Smart Dope was high.

The digital twin studies provide valuable insights into the
rational design of QD precursors for enhanced performance.
Additionally, the digital twin facilitates visualization of the
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complex and high-dimensional multi-cation-doped LHP QDs.
Figure 5D-F presents a visualization of one-pot multi-cation dop-
ing reaction using the digital twin built by the in-house gen-
erated experimental data by Smart Dope. Specifically, the im-
pact of the top two ranked synthesis input parameters (based
on Shapley analysis) was examined at three levels (low, medium,
and high) of the third most important input parameter for each
QD optical feature. Figure 5D illustrates that increasing the con-
centrations of Pb and Cl precursors improves and deteriorates
the reaction yield of the host QDs, respectively, in agreement
with our previous results and discussions. In addition, increasing
the concentration of Cs precursor enhances the reaction yield.
Figure 5E demonstrates that the maximum Mn doping level can
be achieved between 180 °C to 190 °C, particularly at high levels
of Pb precursor concentration. Similarly, high reaction temper-
atures combined with a medium value of Pb precursor concen-
tration result in the highest Yb doping level of Mn-Yb co-doped
CsPDbCl,; QDs. Interestingly, an increase in Cl precursor concen-
tration can also result in higher Yb doping, possibly due to the
formation of coordination complexes between Yb** and Cl- ions,
facilitating successful metal cation exchange between Yb** and
Pb?* ions.

Following the digital twin studies of multi-cation-doped LHP
QDs, the trained ENN model was utilized as a surrogate model
for autonomous PLQY optimization by Smart Dope. The goal
of this autonomous QD synthesis campaign was to utilize the
in-house generated prior knowledge from the LHS experiments
to rapidly identify the most optimal synthetic route of Mn-Yb
co-doped CsPbCl; QDs with the highest PLQY while minimiz-
ing the number of experimental iterations (experimental cost).
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Figure 5. Accelerated mechanistic studies of high-temperature Mn-Yb co-doped CsPbCl; QD synthesis enabled by Smart Dope. Shapley additive expla-
nation plots of QD optical parameters (outputs), including A) Abs;gs nm, B) Syn, @and C) Syp. Surface plots showing the impact of the most important

synthesis input parameters on D) Abssgs hm, E) Spn, and F) Syp.

Five autonomous optimization campaigns, each with a budget
of 10 iterations, were conducted using different decision-making
policies: black-box random sampling, expected improvement
(EI), upper confidence bound (UCB), pure exploitation (EPLT),
and EI without prior knowledge (see Supplementary Informa-
tion (Section S1.3, Supporting Information) for details of differ-
ent experiment-selection decision policies). Figure 6A presents
the Smart Dope’s closed-loop performance for five different
PLQY optimization campaigns of Mn-Yb co-doped CsPbCl; QDs.
The EPLT experiment-selection policy reached a total PLQY of
130% in its eighth iteration. Subsequently, the UCB experiment-
selection policy identified the synthetic route with the highest
total PLQY of 153%, surpassing the maximum total PLQY ob-
tained from the 150 LHS experiments. This result indicates that
the global optima were not identified during the LHS stage, ne-
cessitating further exploration of the QD synthesis space. The
EI experiment-selection policy reached the highest total PLQY of
158% after only four closed-loop iterations. However, the EI pol-
icy without prior knowledge (i.e., without the surrogate model
trained on the LHS experimental data) and the black-box ran-
dom sampling approach underperformed within the defined ex-
perimental budget, mainly due to the high-dimensionality nature
of the experimental QD synthesis space. Figure 6B shows the
UV-vis-NIR absorption and PL spectra of the highest-performing
Mn-Yb co-doped CsPbCl; QDs autonomously synthesized by EI
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experiment-selection policy of Smart Dope. Table S6 (Supporting
Information) summarizes the ML-identified QD synthesis con-
ditions during each autonomous closed-loop optimization cam-
paign of Smart Dope.

There are several reasons why the EI policy is considered
a better option than the UCB policy for the autonomous opti-
mization of multi-cation-doped LHP QDs. The EI policy directly
measures the improvement of the defined objective function,
which is crucial for optimizing the synthesis process. In con-
trast, the UCB policy primarily focuses on actions with higher
uncertainty, which may not align perfectly with the objective-
driven optimization. Lastly, the EI policy’s emphasis on actions
with the highest expected improvement over the current best
value allows for faster convergence to the optimal conditions.
With fewer experimental iterations, the EI policy can identify
the optimal synthesis parameters more efficiently than the other
tested experiment-selection strategies, thereby saving time and
resources for the PLQY optimization of multi-cation-doped LHP
QDs.’l Additionally, by leveraging prior knowledge, incorpo-
rating the specific characteristics and constraints of the prob-
lem domain, and adapting based on past iterations, an informed
EI decision-policy can significantly enhance decision-making
during the autonomous optimization of Smart Dope compared
to a black-box EI approach.’”] Based on the results summa-
rized in Table S6 (Supporting Information), it can be inferred
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Figure 6. From autonomous optimization to continuous manufacturing. A) The representation of the best-condition-so-far for autonomous search of
finding the highest total PLQY in each optimization campaign of Smart Dope under different experiment-selection policies. B) The in situ UV-vis-NIR
absorption and PL spectra of the highest performing Mn-Yb co-doped LHP QDs discovered by informed El experiment-selection policy of Smart Dope.
C) Representation of stable and uniform Smart Dope’s performance in terms of total PLQY for a 5-h continuous manufacturing process with automated
intermittent washings. TEM images of the Mn-Yb co-doped LHP QDs captured after every hour of sample collection.

that the EI experiment-selection algorithm effectively limits the
synthesis input parameters within a specific boundary, leading
to the identification of global QD synthesis optima in the ex-
perimental synthesis space of Mn-Yb co-doped CsPbCl; QDs. It
is important to note that due to the high dimensionality of the
synthesis parameter space of Mn-Yb co-doped LHP QDs, relying
solely on the prediction power of the digital twin does not imme-
diately capture the global optima. Therefore, the closed-loop au-
tonomous optimization approach offered by Smart Dope is nec-
essary for the intelligent exploration of exponentially expanding
parameter spaces while continuously updating and improving
the prediction accuracy of the surrogate model.

One of the intriguing features of Smart Dope is its automated
switching from autonomous optimization to continuous man-
ufacturing operation modes. Once the most optimal synthetic
route is identified via the autonomous optimization mode of
Smart Dope, it can transition from exploration and optimization
to continuous manufacturing mode. Figure 6C demonstrates the
robust and precise performance of Smart Dope in continuous
nanomanufacturing of the highest-performing Mn-Yb co-doped
CsPbCl; QDs in-flow over 5 h time on stream with a throughput
0f 190 mg.h~", operating at a total liquid flowrate of 300 uL min~".
The uniform cubic morphology of the in-flow synthesized QDs
observed in the TEM images after every hour of sample collection
supports Smart Dope’s reliability and reproducibility in contin-
uous nanomanufacturing. Smart Dope achieves the highest re-
ported total PLQY value for Mn-Yb co-doped LHP QDs chemistry
at an optimal temperature of 240 °C using the informed (trained
surrogate model) EI experiment-selection policy of Smart Dope.

Drawing from the insights gained through the ML-driven be-
lief model and the preliminary LHS experiments, as detailed in
Table S4 (Supporting Information), it becomes evident that the
contribution of Yb** ions to the total PLQY is negligible at tem-
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peratures below 190 °C. In this range, the dominant influence on
the PLQY,,, appears to be primarily linked to the Mn emission.
Conversely, a similar pattern of Yb emission selectivity emerges
at temperatures exceeding 240 °C. Based on the autonomous QD
mapping by Smart Dope, a higher contribution to the total PLQY
of multi-cation-doped LHP QDs is observed with Yb doping (ver-
sus Mn doping). Furthermore, the incorporation of Yb** ions into
the hose CsPbCl; QDs was found to reach its maximum level
at elevated temperatures of 235 °C—240 °C (see Supporting In-
formation, Table S4 and S5, Supporting Information). This dis-
covery of the optimal QD synthesis condition highlights a reac-
tion temperature region that colloidal nanoscience experts have
not extensively investigated for metal cation doping of LHP QDs.
This important result serves as an example of the power of au-
tonomous experimentation (e.g., Smart Dope) in making unex-
pected discoveries via intelligent and material efficient navigation
of high-dimensional parameter spaces.

Future work can focus on adopting the Smart Dope’s platform
to explore multi-cation doping of LHP QDs beyond 2 impurity
lanthanide metal cation dopants as well as anion exchange with
bromide ions to enhance the quality of the host LHP QDs and
further improve the total PLQY of multi-cation-doped LHP QDs.
We expect the future implications of Smart Dope to push further
the performance of cation-doped LHP QDs serving as building
blocks for the fabrication of high-performance energy harvesting
devices such as downconverters and LSCs.

3. Conclusion

In summary, we successfully developed and deployed Smart
Dope, which is an M L-assisted fluidic lab for autonomous param-
eter space exploration, development and optimization, mecha-
nistic studies, and scalable manufacturing of multi-cation-doped
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LHP QDs. Smart Dope’s modular flow chemistry platform
utilized a two-phase gas-liquid segmented flow format to en-
able precise control of the QD synthesis parameters at reaction
temperatures up to 255 °C. By incorporating a pressure control
module into the flow chemistry platform of Smart Dope, we ac-
commodated the high-temperature QD synthesis and ensured
the uniform and stable formation of reactive liquid slugs, re-
quired for continuous autonomous experimentation. The devel-
oped SDFL integrates a robust and reproducible process con-
trol, an in situ spectral data acquisition and processing unit,
and an ML-assisted decision-making agent, enabling both au-
tomated and autonomous operation. Smart Dope leveraged an
in situ spectral UV-vis-NIR characterization technique specifi-
cally tailored for lanthanide-doped LHP QDs, using miniature
spectrometers, allowing continuous in situ absorption and PL
spectroscopy of the in-flow synthesized QDs. Through our com-
prehensive studies involving ex situ structural characterizations
and the knowledge obtained from the digital twin QD synthe-
sis model, we proposed a homogeneous inward diffusion dop-
ing mechanism where Mn?** and Yb** ions successfully undergo
cation exchange with Pb** ions present in the host LHP QDs.
Mn?* jons form active complexes with available oleylammonium
ions, while Yb** ions interact with CI~ ions to facilitate the doping
process. Leveraging Smart Dope’s accelerated autonomous op-
timization mode, an informed EI experiment-selection strategy
identified the optimal formulation of Mn-Yb co-doped CsPbCl,
QDs with the highest reported PLQY of 158%. By intelligently
navigating the experimental space of LHP QDs, Smart Dope suc-
cessfully identified optimal synthetic conditions for multi-cation-
doped LHP QDs, conducting 150 LHS experiments followed by
10 cycles of autonomous experimentation within an SDFL, over a
32-h timeframe without any human intervention. Subsequently,
our platform seamlessly transitioned to continuous manufactur-
ing mode, producing the optimal Mn-Yb co-doped LHP QDs ata
throughput of 190 mg.h~! after purification. This study demon-
strated the unique attributes and potential of Smart Dope in ac-
celerating materials discovery and development related to renew-
able energy technologies by combining continuous robust exper-
imentation and in situ characterization with modern data science
tools to achieve closed-loop autonomous experimentation.

4. Experimental Section

Materials:  All chemicals were used without further purification. 1-
ocatedecene (ODE, 90%) and quinine sulfate (A0374529, absolute
PLQY = 67.5%) were purchased from ACROS Organics. Oleic acid (OA,
90%) was purchased from Alfa Aesar. Oleylamine (OAm, 70%), cesium
acetate (Cs(Ac), 99.99% trace metal basis, My, = 191.95 g mol™"),
lead(ll) acetate trihydrate (Pb(Ac);.3H,0, 99.99% trace metal basis,
My = 379.37 g mol™"), ytterbium(lll) acetate hydrate (Yb(Ac);.XH,O,
99.95% trace metal basis, My, = 350.17 g mol™'), chlorotrimethyl-
silane (TMSCI, >98%), and manganese (Il) acetate (Mn(Ac),, 98%,
My, = 173.027 g mol~") were purchased from Sigma-Aldrich. Hexane (ACS
certified) and ethanol (70%) were purchased from Fisher Scientific. Sul-
furic acid (H,SOy, 60%, 09 8361) was obtained from Oakwood Chemical.
Toluene (HPLC grade) was purchased from VWR. Ar and nitrogen N, tanks
were purchased from Airgas. SYLGARD 184 silicone elastomer and the
curing agent were obtained from Ellsworth Adhesives. The organic dyes,
HITC Perchlorate and IR-140 were purchased from EssilorLuxottica.

Precursor Preparation: The precursor preparation described herein
was based on the study by Gamelin et al.,['*2%] with slight modifica-
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tions made to adapt the QDs chemistry from batch to flow synthesis.
Individual metal-containing precursors, Cs(Ac), Pb(Ac),.3H,0, Mn(Ac),,
and Yb(Ac);.XH,O, 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
of N, provided via a Schlenk line. The salts were dissolved in a ligand-
solvent mixture of ODE:OA:OAm with a volumetric ratio of 24.5:1.0:0.5.
For the chloride-based precursor, 500 uL of TMSCl was dissolved in 49 mL
of ODE inside an N, glovebox. Two concentrated ligand-only precursors,
ODE-OAm and ODE-OA, were prepared using a 5:1 ODE:ligand volumet-
ric ratio. All the precursors, except for the pure ODE solution and the two
ligand-only precursors, were loaded into gas-tight stainless steel syringes
(50 mL, Chemyx) under inert conditions after reaching room temperature.
All QD precursors were prepared in 60 mL glass septa vials.

Experimental Setup: The hardware of Smart Dope provides automatic
access to 9 QD synthesis parameters and comprises four primary mod-
ules: 1) fluid delivery, 2) precursor formulation and reaction, 3) in situ char-
acterization, and 4) pressure control. The fluid delivery module includes
eight automated syringe pumps (Fusion 6000, Chemyx) equipped with
stainless steel syringes (eight 50 mL, Chemyx) as well as one computer-
controlled mass flow controller (MFC, Bronkhorst, EL-Flow Select). The
fluid delivery module of Smart Dope was designed to precisely control the
rate and stability of the QD precursor streams and the inert continuous
phase (Ar) into the flow reactor. The minimum volumetric flow rate of the
QD precursors regulated by the syringe pumps was set to 10 uL.min~" to
ensure precise mixing of the QD precursors. The fluid delivery lines were
connected to the formulation and reaction module using fluorinated ethy-
lene propylene (FEP) tubing (0.02 in inner diameter, ID, 1/16 in outer di-
ameter, OD, Microsolv Technology). The liquid precursor lines within the
formulation and reaction module were initially connected to a 9-way flu-
idic manifold, creating an output stream of all QD precursors. The fluid
stream leaving the manifold then passed through an in-line passive mi-
cromixer (FEP, 0.02 in ID) with a dead volume of 50 uL before transition-
ing into a gas-liquid segmented flow format inside the reaction module.
To prevent the back-flow of liquid precursors into the gas line and ensure
uniform flow segmentation during closed-loop autonomous experimen-
tation, the Ar stream exiting the MFC was connected to an outlet check
valve (IDEX). Considering the rapid formation kinetics of metal cation-
doped LHP QDs, rapid mixing of QD precursors was crucial to ensure re-
producible synthesis. Thus, it is decided to utilize a gas-liquid segmented
flow format (instead of a single-phase flow) to achieve enhanced QD pre-
cursor mixing with the flow reactor. The gas-liquid segmented flow reactor
was crucial in ensuring a reaction-limited regime for the uniform in-flow
synthesis of multi-cation-doped LHP QDs evidenced by a narrow size dis-
tribution. The gas-liquid segmented flow was formed using a T-junction
connected to the mixed QD precursors and Ar lines. The formed seg-
mented flow was then passed to the reaction module (0.03” ID x 1/16"
OD stainless steel tubing placed inside a helical-shaped aluminum reac-
tor unit (see Figure S1, Supporting Information) for high-temperature syn-
thesis of multi-cation-doped LHP QDs. Heating of the custom-machined
reactor heating block was achieved using a cartridge heater (0.5” diam-
eter, 2” long, 150 W, Omega) placed in the center of the reactor module
(Figure S1, Supporting Information). The flow reactor module was ther-
mally insulated, and the reaction temperature was automatically varied
between 160 °C to 255 °C using a computer-controlled PID temperature
controller (F4T, Watlow). The flow reactor (stainless steel tubing) inside
the high-temperature reactor measured a total length of 0.5 m. The QD
synthesis (residence) time was dynamically controlled without sacrificing
the segmented flow uniformity by varying the total liquid volumetric flow
rates (ranging from 150 uL.min~" to 400 uL.min~") while maintaining a
constant gas-to-liquid volumetric ratio of 1.2. The flow reactor outlet was
connected to perfluoroalkoxy (PFA) tubing (0.03” ID x 1/16” OD, Micro-
solv Technology) via a stainless steel union. The produced QDs within the
reactive liquid slugs leaving the flow reactor module of Smart Dope were
rapidly cooled down to room temperature before entering the in situ char-
acterization module (flowcell, 0.04” ID x 1/16” OD, FEP tubing, Micro-
solv Technology). The total volume of the flow chemistry setup after the
flow segmentation section until the in situ characterization module was
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nearly 620 uL. The custom-built flowcell was connected via three fibers
to: 1) a high-power UV light emitting diode (UV LED, 365 nm, Thorlabs,
M365LP1, 90° configuration) serving as the PL excitation light source, 2)
a balanced UV-vis light source (Ocean Insight, DH-2000BAL, 180° con-
figuration), and 3) a miniature spectrometer (Ocean Insight, Ocean HDX
Miniature Spectrometer, 180° configuration) for real-time spectral moni-
toring of the UV-vis-NIR absorption and PL spectra of the in-flow synthe-
sized multi-cation-doped LHP QDs. Integration times of 6 ms and 20 ms
were used for UV-vis and PL spectra acquisition, respectively. The three op-
tical features that were automatically calculated from the in situ obtained
UV-vis-NIR absorption and PL spectra are: i) Abssgs nm, ii) S, iii) Syp.
Smart Dope’s hardware was pressurized using a back pressure regulator
(Equilibar) at 95 psig N,. The incorporation of the back-pressure module
mitigates volumetric changes in the gas phase at high reaction tempera-
tures, thereby ensuring uniform liquid slug size and residence time during
the high-temperature QD synthesis in the flow reactor.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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