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SUMMARY

Among all-inorganic metal halide perovskite quantum dots (PQDs),
cesium lead chloride (CsPbCl3) with its large band-gap energy is an
excellent candidate for enhancement of PQD radiative pathways
through incorporation of additional internal energy transfer within
its exciton band gap. In this study, we introduce a post-synthetic
chemistry for ultrafast metal cation doping of CsPbCl; QDs with a
high degree of tunability, using a model transition metal impurity
dopant, manganese. Due to the fast nature of the post-synthetic
metal cation-doping reaction, an engineered time-to-space trans-
formation strategy is employed to unravel the kinetics and funda-
mental mechanism of the doping process. Using a modular microflui-
dic platform equipped with a translational in situ absorption and
photoluminescence spectroscopy probe, we propose a heteroge-
neous surface-doping mechanism through a vacancy-assisted metal
cation migration. The developed in-flow doping strategy can open
new avenues for on-demand optoelectronic properties tuning and
scalable precision synthesis of high-quality metal cation-doped
PQDs.

INTRODUCTION

Metal halide perovskite quantum dots (PQDs) have recently emerged as a promising
semiconducting material candidate with superior optical and optoelectronic proper-
ties than conventional -V and ll-VI QDs for next-generation devices.'™®
Specifically, lead (Pb) halide PQDs have been successfully utilized in a wide range
of solution-processed devices, including solar cells,”'? displays,'* light-emitting di-
odes (LEDs),"® biosensors, ' lasers,"” and photodetectors.m'w In addition to their
defect-tolerant band-gap structure, Pb halide PQDs offer near-unity photolumines-
cence quantum yield (PLQY) without a secondary passivation layer, narrow emission
linewidth, short radiative lifetime, negligible self-absorption, and weak PL blinking
effect.’*?° Moreover, due to their ionic nature and the quantum confinement effect,
Pb halide PQDs possess unique size- and composition-tunable emission properties
within the visible spectrum through growth rate control and post-synthesis ion

exchange reactions, respectively.”’??

Despite the unique optoelectronic properties of Pb halide PQDs, one of the major
drawbacks hindering their adoption by chemical and energy industries is the health
and environmental concerns associated with the toxicity of lead.?*?* Lead ions are
instrumental for maintaining the extended lifetime and high PLQY of PQDs and
the complete removal and replacement of these ions can deteriorate the structural
integrity of the PQDs.?> An alternative route based on partial cation exchange of Pb

Progress and potential
Transition metal cation-doped
lead halide perovskite quantum
dots (PQDs) are an emerging class
of materials for next-generation
photonic devices, due to their
intriguing dopant-induced
properties and improved photo-,
moisture-, and thermal stabilities.
Colloidal synthesis studies of
metal cation-doped PQDs with its
multifaceted nature is a
challenging undertaking using
conventional batch reactors. In
this study, we utilize a modular
microfluidic platform equipped
with a mobile spectral monitoring
probe to study the kinetics and
unveil the chemical
transformation mechanism of the
ultrafast cation doping of cesium
lead chloride QDs. We provide a
design framework for precise
tuning of the optical properties of
PQDs via a post-synthetic doping
mechanism in flow. The facile
doping chemistry in combination
with the modular microfluidic
platform, developed in this work,
can enable continuous
nanomanufacturing of metal
cation-doped PQDs with
application-specific
optoelectronic properties.
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ions with less toxic materials that possess analogous optoelectronic properties to Pb
(e.g., manganese [Mn], tin, cadmium, zinc, and bismuth) is considered as an effective
strategy to mitigate the toxicity of Pb halide PQDs without sacrificing the superior
optoelectronic properties and, at the same time, imparting new optical and opto-
electronic properties into the pristine PQDs.”*? Over the past few years, Mn
doping of Pb halide PQDs has been investigated as an effective route for introduc-
tion of additional magnetic and optoelectronic properties to PQDs.**"** Mn is the
most common choice of the impurity dopant as its ionic radius and valence state
resemble Pb, thereby allowing cation-exchange reactions in the lattice of the host
Pb halide PQD nanocrystals.***" Through Mn doping of Pb halide PQDs, the total
content of Pb?* ions present in the PQDs can be reduced, while adding another de-
gree of emission tunability to the pristine nanocrystals, originating from the transfer
of host excitation energy to spin polarized Mn?* d-d states, resulting in a long

excited-state yellow-orange emission.>*~%¢

Among all-inorganic Pb halide PQDs, cesium lead chloride (CsPbCl3) QDs possess
the highest band-gap energy, which makes it a more favorable crystalline host for
efficient energy transfer from band-edge excitons to Mn internal states. Doping
CsPbCl; QDs with Mn?* ions offers two distinct advantages: (1) the incorporation
of Mn?* ions into the PQD crystal lattice increases the tolerance factor, improves
structural stability, and enhances radiative pathways,35'37 and (2) the emission inten-
sity of the exciton and the transition metal impurity dopants can be enhanced
through the suppression of energy loss by structural defects, resulting in an increase
in the PLQY of the cation-doped PQDs.***’

Mn-doped Pb halide PQDs can be synthesized using one-pot, hot-injection synthe-
sis technique, and post-synthetic cation-exchange reactions. Dual-emissive Mn-
doped CsPbCl; QDs were first successfully synthesized via a colloidal one-pot,
hot-injection method.**?" Feasibility of the post-synthetic cation exchange of
Pb2* with Mn?* ions in CsPbCl; QDs was first studied in the work of Gao et al.*® In
this study, CsPbCl; QDs were first synthesized using a hot-injection method and
used without further purification for the Mn doping with a manganese chloride
(MnCly) precursor at a relatively high temperature (150°C).

Room temperature, post-synthetic metal cation doping of Pb halide PQDs can pro-
vide a higher level of control over the extent and level of doping relative to the high-
temperature cation exchange or one-pot, hot-injection methods. Furthermore, the
prevention of self-annealing provides an additional advantage of post-synthetic
room temperature cation-doping techniques over the high-temperature routes.?”*°
A room temperature Mn doping of CsPbCl; QDs using a post-synthetic cation-ex-
change reaction of CsPbCl; QDs with MnCl, was developed by Chen et al.?® The
Mn-doping process was explained with a proposed simultaneous dynamic cation
and halogen anion exchange mechanism. The superior performance of MnCl,
compared with other Mn sources for doping Pb halide PQDs might be attributed
to the relatively similar bond dissociation energy of Mn-Cl and Pb-Cl bonds, which
triggers the successful substitution of Pb with Mn.?>*"*" Recently, Hills-Kimball
et al. demonstrated a quasi-solid-solid cation-exchange route for the synthesis of
Mn-doped CsPbCl; QDs, and proposed a heterogeneous surface doping followed
by an inward diffusion process through engineering of the present surface ligands.*?

The metal cation-doping reactions of Pb halide PQDs are currently studied using
conventional, time- and material-intensive flask-based strategies.?®:?¢:38:3%:41

Despite the ease of setup assembly, the batch synthesis approach suffers from major
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limitations, including inaccessible in situ characterization for fast reactions, batch-to-
batch variability, and poor/irreproducible mass transfer rates.**~*° Such mass trans-
fer limitations can result in non-uniform cation doping of pristine Pb halide PQDs
during the fast cation-doping reaction and hinder the accurate systematic and mech-
anistic studies of interactions between the dopants and host PQDs. Lack of fast ho-
mogeneous mixing and in situ diagnostic probes in flask-based synthetic routes,
make it extremely challenging to accurately study the important dynamics of the
fast Mn-doping process under the reaction-limited regime.

Solution-phase synthesis of Mn-doped CsPbCl; QDs at room temperature are
amenable to flow synthesis techniques for accelerated fundamental and applied
studies of the PQD-doping process.?’ %7 In contrast to batch synthesis techniques,
flow synthesis and processing of Pb halide PQDs can provide time- and material-effi-
cient parameter space mapping, enhanced and controllable transport rates for fast
reactions, and the prospect of real-time formulation optimization within the broad
PQDs synthesis and processing parameter spaces.”” *® These advantages make
in-flow material synthesis an effective strategy for both accurate mechanistic inves-
tigations of the doping process and scalable continuous nanomanufacturing of
metal cation-doped Pb halide PQDs. Microfluidic flow synthesis techniques can be
divided into two primary flow formats, single- and multi-phase flow.***5¢7 The
slow axial/radial diffusive mixing in a single-phase flow regime can result in undesir-
able axial dispersions, which limit accurate kinetic studies of fast reactions.”**° In
contrast, the multi-phase flow format benefits from intensified in-flow mixing,
due to the formation of axisymmetric recirculation patterns within moving
droplets.**"**> Two-phase (liquid-liquid or gas-liquid) and three-phase (gas-liquid-
liquid) flow are two common flow formats utilized for the controlled in-flow nanoma-
terial synthesis.

The fast kinetics of the solution-phase metal cation-doping reactions of PQDs re-
quires a precisely engineered time-to-space transformation along the length of
the flow reactor to acquire in situ spectral data with the time resolution needed
for the precise dynamic visualization of the cation-exchange reaction. Therefore, it
is essential to establish a stable high-flowrate operational envelope, while achieving
a uniform mixing pattern within the moving droplets of the multi-phase flow. Despite
the enhanced mixing of the reactive phase along the flow direction, the accessible
operational window by a two-phase flow format is limited to maintain a stable flow
pattern at high fluid velocities.®**> However, introduction of an inert gas phase to
establish a three-phase flow (gas-liquid-liquid) configuration can significantly
expand the operational flow velocity of the uniform multi-phase flow format, leading
to simultaneous intensified mixing and the required time resolution for mechanistic

studies of mass transfer-limited reactions.®*¢°

In this study, we introduce, for the first time, a continuous flow synthetic route for
facile Mn doping of CsPbCl; QDs with a high degree of tunability. We utilize a
modular microfluidic platform, shown in Figure 1, for accurate reaction-limited ki-
netic studies, accelerated mechanistic investigation, and precise emission tuning
of Mn-doped CsPbCl; QDs (Figure 1A) through an in-flow cation-exchange reaction.
Next, utilizing the computer-controlled flow synthesis platform equipped with a
multimodal in situ spectral characterization probe, we systematically investigate
the effect of MnCl, concentration and ligand composition on the kinetics and extent
of the room temperature Pb halide PQD cation-doping process. In light of these
findings, we propose a heterogeneous surface-doping mechanism mediated by a
vacancy-assisted cation migration pathway. This study provides an in-depth

Matter 4, 1-19, July 7, 2021 3



Please cite this article in press as: Bateni et al., Ultrafast cation doping of perovskite quantum dots in flow, Matter (2021), https://doi.org/10.1016/
j-matt.2021.04.025

- ¢? CellP’ress Matter

CsPhCl, QDs CsPb Mn, Cl, QDs
> ‘

Y
L)
.
]
.
®
'
L]

3

CsPbCl, QDs CsPb_Mn, Cl, QDs

Figure 1. Facile cation doping of CsPbCl; QDs in flow

(A) Precise tuning of the metal cation doping of CsPbCl; QDs in flow under UV irradiation (365 nm).
Scale bar, 9 mm.

(B) Schematic illustration of the capabilities of the modular microfluidic platform for rapid
parameter space exploration, mechanistic studies, and continuous nanomanufacturing of Mn-
doped CsPbCl; QDs.

fundamental understanding of the cation-doping mechanism involved with the sur-
face chemistry of the host Pb halide PQDs and can open new synthetic routes for
continuous nanomanufacturing of high-quality cation-doped Pb halide PQDs (Fig-
ure 1B) for direct utilization in photonic and optoelectronic devices.

RESULTS AND DISCUSSION

Cation doping in flow

We developed and utilized a computer-controlled modular microfluidic platform to
study the post-synthetic metal cation doping of Pb halide PQDs toward enabling
continuous on-demand tuning of their optical and optoelectronic properties (Fig-
ure 2A). We adapted a single-solvent chemistry to continuously synthesize Mn-
doped CsPbCl; QDs in flow at room temperature (Figure 2B). The choice of a non-
coordinating solvent, octadecene (ODE), as the doping solvent was to facilitate
continuous nanomanufacturing of cation-doped Pb halide PQDs in the same solvent
utilized for the synthesis of the pristine PQDs. Oleylamine (OAm) was used to
completely dissolve and activate the dopant source (MnCly) in the nonpolar reaction
solvent (ODE).*? For the synthesis of the pristine CsPbCl; QDs, we adapted a modi-
fied hot-injection synthesis technique.” The PQDs were purified using a conven-
tional precipitation/redispersion strategy. Methyl acetate (MA) was used as a polar

4 Matter 4, 1-19, July 7, 2021



j.matt.2021.04.025

Please cite this article in press as: Bateni et al., Ultrafast cation doping of perovskite quantum dots in flow, Matter (2021), https://doi.org/10.1016/

Matter

LED
(365{ nm)
Broadband ¢
LightSource |

UV
Spectrometer

¢? CellPress

"PPPDBBRBERP

PP BEBERPRERD

E 80000
9999 9 9N
Y o
60000+ d’&
&
=
" 40000 wooooooo ? 20330
e 90090909 9 993N
00004 o & @  Exciton
0° @ Mn
0] o @ Cumulative
0 2 3 4 S
t(s)

Figure 2. The overall capacity of the automated modular microfluidic platform for the accelerated high-throughput fundamental studies of the room

temperature, post-synthetic Mn doping of CsPbCl; QDs

(A) Schematic illustration of the assembled modular microfluidic platform equipped with a precursor formulation, flow synthesis, and translational flow

cell module for ultrafast continuous nanomanufacturing of Mn-doped CsPbCl; QDs using a three-

phase flow format.

(B-D) (B) Fluorescence images of the moving droplets of the Mn-doped CsPbCl; QDs under UV illumination (365 nm) obtained via an in-flow dilution
strategy. Scale bar, 9 mm. A representative 3D waterfall time evolution of the UV-vis (C) absorption and (D) PL spectra of the Mn-doped CsPbCl; QDs,

obtained by the multimodal mobile flow cell.

(E) The normalized exciton and Mn emission peaks and the cumulative area within the room temperature, post-synthetic Mn-doping process.

anti-solvent for the washing step. The pristine CsPbCl; QDs were diluted to adjust
the initial concentration of the Pb halide PQDs for the continuous flow Mn-doping

process based on the reported molar extinction coefficient (¢).°*¢”

The modular microfluidic platform was integrated with a mobile multimodal spectral
characterization probe (UV-vis absorption and PL spectroscopy), capable of moni-
toring the metal cation-doping process along a 30 cm length of the flow reactor.
Two inline static micromixers with a low dead volume (2 plL) were used to ensure ho-
mogeneous mixing of the reactive precursors in the formulation module of the mi-
crofluidic platform (Figure 2A) before flow segmentation at the custom-built four-
way fluidic junction. The addition of advective mixing in a secondary dimension
(i.e., Dean flow) induced by the inline braided micromixers enables a fast precursor
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mixing timescale, resulting in the reaction-limited Mn-doping process within the
moving droplets along the flow reactor.*’” The combination of the built-in micro-
mixers and high flow velocity three-phase flow format allows the in-flow metal cation
doping to be operated under the reaction-limited regime, and thereby deconvo-
lutes the effect of precursor mixing rate on the dynamics of the cation-doping pro-
cess along the 30 cm length of the flow reactor (i.e., reaction times spanning from 0.5
to 5 's with time resolutions as low as 60 ms).*”*%? The mobile flow cell provides a
broad range of information about the metal cation-doping reaction through tempo-
ral in situ UV-vis absorption and PL spectroscopy—as the reactive phase droplets
move along the flow reactor—including the population of QDs (absorption), the sta-
tus of PQD surface defects (PL), the colloidal stability of the PQDs (absorption), and
the intrinsic kinetics and extent of the cation-doping reaction (PL). Such information
would provide valuable insights into the fundamental mechanisms controlling the
cation doping of the CsPbCl3 QDs. Figures 2C-2E illustrate an example of the wealth
of information about the cation doping of Pb halide PQDs that could be readily ob-
tained using the mobile flow cell integrated with the modular flow reactor.

Figure 2C presents an exemplary time evolution of the UV-vis absorption spectra of
Mn-doped CsPbCl; QDs over 5 s of the post-synthetic cation-doping process. At t =
0's, the first excitonic peak is located at 375 nm (i.e., the pristine CsPbCl; QDs). The
position of the first excitonic peak wavelength remained constant throughout the
metal cation-doping process. However, the second excitonic peak of the absorption
spectra became more distinct and the absorption intensity at the first excitonic peak
increased and reached a constant value after 2 s of the Mn-doping reaction. These
phenomena can be attributed to the suppression of the crystallographic defects
(i.e., chloride vacancies and/or distorted [PbCl]*~ octahedra) presented in the crys-
talline lattice of the host CsPbCl3 QDs.®® In addition to the absorption spectra, tem-
poral PL spectra of the PQDs with an excitation wavelength of 365 nm (fiber-coupled
LED) were obtained in situ, along the flow reactor (Figure 2D). At t = 0 s, the exciton
emission peak of the pristine CsPbCl; QDs is centered at 400 nm with a full-width at
half-maximum (FWHM) of 16 nm. At t = 0.56 s, a second emission peak became
apparent near 616 nm, which is due to the emergence of radiative recombination
pathways through the exciton energy transfer to the Mn internal d states.’®
Upon initiation of the metal cation-doping reaction in flow, the intensity of the
exciton emission peak increased significantly until t = 0.56 s, which can be attributed
to the reduction of non-radiative localized trap states in the pristine CsPbCl; QDs
originating from the surface healing effect of the Mn-doping process.®® After t =
0.56 s, the exciton peak intensity decreased and the Mn emission peak intensity
increased gradually until reaching a plateau at t = 1.63 s, indicating the completion
of the Mn-doping reaction. This result shows, for the first time, that facile post-syn-
thetic Mn doping of Pb halide PQDs can be achieved at timescales below 2 s. Over
the course of the metal-cation doping process, the location and FWHM of the
exciton peak remained unchanged, which indicates that the size distribution of the
QDs before and after the doping process should be consistent. Moreover, through
the cation-doping process, the Mn emission peak red-shifted from 616 to 625 nm
(0.56 s < t < 1.63 s), which is attributed to the formation and enhancement of
MnZ*-Mn?* pairs.**74

The incorporation of Mn?* ions within the crystalline lattice of the pristine CsPbCls
QDs is further confirmed through ex situ X-band electron paramagnetic resonance
(EPR) spectra of the pristine and Mn-doped CsPbCl; QDs, as shown in Figure S1.
Upon doping, the EPR spectra of the Mn-doped CsPbCl; QDs (Figure S1B) exhibits
a single peak with a width of 23.5 G, confirming the successful in-flow doping and
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incorporation of Mn?" ions into the lattice of the host PQDs through the post-syn-
thetic cation-doping process.’®?’* In the case of homogeneous Mn doping, six
equally spaced hyperfine profile splitting peaks (A~86 G) are expected in the EPR
spectra of the Mn-doped CsPbCls QDs.*%*"4%4? Considering the low amount of
the doped Mn in the host CsPbCl3 QDs (1.0% + 0.1% Mn?*, measured by energy
dispersive X-ray spectroscopy (EDS) elemental mapping), the absence of six hyper-
fine splitting profiles in the EPR spectra of the Mn-doped CsPbCl; QDs indicates a
strong interaction between the Mn?*-Mn2* pairs localized at the outer surface of
the host PQDs. Interestingly, the EPR spectra of the aged Mn-doped CsPbCls
QDs showed a six-hyperfine splitting profile with a width of 86 G (Figure S1C), which
suggests the initiation of the inward diffusion of the surface Mn?* centers into the
bulk nanocrystal. This observation can be further confirmed with the slow blue-shift
of the Mn emission peak from 625 to 618 nm (Figure S1D) within é h after the in-flow
Mn-doping process. A similar phenomenon was reported by Hills-Kimball et al. as a
result of the homogeneous diffusion of the metal cation dopants into the bulk nano-
crystal. From these results, it can be concluded that the in-flow Mn doping of
CsPbCl; QDs is an ultrafast heterogeneous surface-doping reaction (~2 s) followed
by a slow inward diffusion process into the bulk nanocrystal (homogeneous).*?

In addition to the temporal PL and absorption spectra shown in Figures 2C and 2D,
the area (A,) of the exciton and the Mn emission peaks and their cumulative area,
normalized with the absorbance value at the excitation wavelength (365 nm) at
each instant of time during the metal cation-doping process were measured and
presented in Figure 2E. The gradual decrease and increase of the exciton and Mn
emission peak intensities (Figure 2D), respectively, imply the direction of the
cation-exchange process for the substitution of Pb* with Mn?" in the PQD surface
unit cells. The fact that the Mn-doping process reached completion after only 2 s in-
dicates that the post-synthetic cation-exchange process at room temperature is a
fast surface reaction and that the doping process halts once the available Pb®* cat-
ions for exchange with Mn?* cations at the outer surface of the PQDs are
consumed.?**® Figure S2 exhibits the X-ray diffraction (XRD) patterns of the washed
pristine CsPbCl; QDs and the Mn-doped CsPbCl; QDs. The XRD pattern reveals that
both the undoped and doped PQDs are highly crystalline and possess a cubic perov-
skite CsPbCl; crystal structure (JCPDS no. 75-0411).*? There is no noticeable shift in
the XRD peak positions before and after the metal cation-doping process and the
XRD patterns for the Mn-doped CsPbCl; QDs remained structurally identical to
the washed CsPbCl; QDs. Previous reports of the homogeneous Mn doping of Pb
halide PQDs observed a forward shift in the XRD peak positions after the Mn-doping
process as a result of the nanocrystal lattice contraction, since Mn®* ions possess
smallerionic radius than Pb2* ions.®"*7:¢%7% Qur XRD results are in line with the study
of Hills-Kimball et al.,*? and indicate that the ultrafast post-synthetic Mn-doping pro-
cess results in an extrinsic surface-doping mechanism, which has no significant effect
on the intrinsic regions of the host PQDs and is not involved with an inward diffusion
process toward the core structure of PQDs during the in-flow cation-doping reaction
(~2 s). Transmission electron microscopy (TEM) images of the pristine CsPbCl; and
Mn-doped CsPbCl; nanocubes are shown in Figure S3. TEM images of the pristine
and Mn-doped CsPbCl; QDs show a uniform cubic morphology. The preservation of
the average cube length of the PQDs before and after the post-synthetic metal
cation-doping process further confirms the heterogeneous surface-doping
mechanism.

To have a deeper look into the heterogeneous surface-doping mechanism of the
Mn-doped Pb halide PQDs, we need to first build an understanding of the surface
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chemistry of the starting CsPbCl; QDs. It has been demonstrated that isolation and
purification of Pb halide PQDs using polar solvents besides further dilution steps
may deteriorate their colloidal/structural integrity because of the detachment of sur-
face capping ligands, and thus the formation of surface defects, including chloride
vacancies and distorted [PbClg]*~ octahedra.”’’? Thus, the post-synthetic Mn-
doping process can prevent the energy transfer loss through the pre-existing surface
defects by filling the chloride vacancies, completing the distorted surface unit cells
of the pristine Pb halide PQDs, and forming a protective shell around the outer sur-
face of the host PQDs. The time evolution of the peak emission areas during the Mn
doping of Pb halide PQDs (Figure 2E) reveals that the cumulative area increases until
2 s of the metal cation-exchange reaction and then reaches a plateau, which indi-
cates the successful removal of some of the surface defects present at the surface
of the pristine PQDs, which was further confirmed through increased total PLQY of
the QDs from 0.5% (pristine CsPbCl; QDs) to 4% (Mn-doped CsPbCl; QDs). Further-
more, the constant values of the exciton and Mn emission peaks areas after 2 s pro-
vide additional evidence for the completion of the ultrafast in-flow cation-exchange
reaction through a heterogeneous surface-doping mechanism. It should be noted
that, although there are significant mass transfer and reaction kinetics limitations
in batch reactors, which affect the accurate kinetic studies of the ultrafast metal
cation-doping reaction in a batch reactor, we do not expect a significant difference
in the final PLQY of the Mn-doped CsPbCl; QDs obtained by the flow versus batch
reactors; PLQY of the Mn-doped CsPbCl; QDs synthesized in batch was 3.5%.

Mechanistic studies in flow

To better understand the mechanism of the metal cation doping of Pb halide PQDs,
in the next set of experiments, we used the modular microfluidic platform to inves-
tigate the effects of the dopant concentration and the ligand composition on the ki-
netics and extent of the post-synthetic cation-exchange reactions. The chemistry of
the Mn precursor used in this study includes an activated Mn precursor (i.e., a MnCl,-
OAm complex), as well as free chloride (CI7) and oleylammonium (OAm™*) ions that
play important roles during the surface-doping reaction. A systematic in-flow study
of the effects of MnCl, concentration (Cy) and the ligand-to-solvent ratio (Lgs =
Voam/Vobe; where Voam is the volume of OAm and Vope is the volume of ODE)
on the kinetics and extent of the metal cation doping provides the synthesis science
knowledge and framework to enable precision synthesis and fine-tuning of the op-
tical and optoelectronic properties of Pb halide PQDs through a continuous, post-
synthetic Mn-doping process.

Effect of MnCl, concentration on the in-flow cation doping

To study the effect of cation dopant concentration on the kinetics and extent of Pb
halide PQD doping, we utilized the in-flow dilution module of the microfluidic syn-
thesis platform to rapidly adjust the concentration of the dopant precursor before
mixing with the host PQDs in the flow reactor. A concentrated stream of the
MnCl, precursor was mixed with a stream of the dilution solution containing the
same solvent (ODE) and Lgs. Different concentrations of MnCl, were obtained by
changing the volumetric flowrates of both fluidic streams, while keeping the total
volumetric flowrate constant. As shown in Figure 2B, it was observed that the emis-
sion color of the Mn-doped CsPbCl; QDs could be tuned from blue-violet to orange
by continuously varying the concertation of the reactive MnCl; precursor on the fly.
For the purpose of our mechanistic studies, we monitored the metal cation doping of
CsPbCl; QDs with six different concentrations of the dopant precursor. Figure 3A
(and Figure S4A) presents the steady-state UV-vis absorption spectra of the pristine
and the Mn-doped CsPbCl; QDs. As can be seen in Figure 3A, the intensity of the
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Figure 3. Effect of the metal cation dopant concentration (Cy) on the kinetics and extent of the in-flow doping process
(A and B) The steady-state UV-vis (A) absorption, and (B) PL spectra of the pristine and Mn-doped CsPbCl; QDs at different concentrations of the dopant

precursor.

(C) The area ratio (A,) variation of the exciton to Mn emission peaks over the course of the in-flow metal cation-doping process for different Cy values.

The first 0.5 s is considered as the incubation time of the heterogeneous surface-doping mechanism.
(D) The normalized exciton, Mn, and total emission peaks of the Mn-doped CsPbCl; QDs at different Cy values.

first excitonic peak increased after doping, while its peak wavelength remained un-
changed. This observation confirms the effect of the metal cation doping in removal
of some of the surface defects present in the pristine PQDs through a heterogeneous
surface-doping approach.®® The steady-state PL spectra of Mn-doped CsPbCl; QDs
with different MnCl, concentrations, shown in Figure 3B (and in Figure S4B), re-
vealed that the exciton peak intensity was enhanced drastically by the metal cation
doping and then decreased, while the Mn emission peak increased until a certain Cy
value (18 mM), thereby suggesting a two-stage cation-doping process: (1) defect
removal and surface treatment of the pristine Pb halide PQDs and (2) initiation of
the room temperature metal cation exchange with surface Pb®* cations. When
changing Cy from 7.2 to 18 mM, the exciton peak wavelength and FWHM of the
Mn-doped CsPbCl; QDs remained unchanged. However, the Mn emission peak
red-shifted from 616 to 625 nm, accompanied by an increase in its area, indicating
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a higher extent of Mn doping within the host CsPbCl; QDs at higher Cy; values. Inter-
estingly, when increasing the Cy; value from 18 to 22.5 mM, the exciton peak inten-
sity increased, while the Mn emission peak decreased and blue shifted to 619 nm.
This observation suggests that, at very high Cy values, the cation-exchange rate de-
creases, and the extent of doping reduces, which can be attributed to the diffusion
limitations induced by the presence of excess inactivated Mn?* cations inhibiting the
exchange of the activated Mn?* cations with the surface Pb?* cations.

To further study the kinetics and the extent of the post-synthetic Mn doping of Pb
halide PQDs, we introduced the term area ratio (A,), which is defined as the ratio
of the area under the Mn emission peak to the area under the exciton peak. Figure 3C
shows how A, varies during the metal cation-exchange reaction in flow for six
different dopant concentrations. Figure 3C reveals important information about
the mechanism as well as the kinetics and extent of the metal cation-doping process.
One of the mostimportant results of our study is that, regardless of the operating Cy
value, the first Mn emission peak only appears after ~0.5 s of the reaction time. This
delay in the appearance of the Mn emission peak is referred as the incubation time in
our study. Upon injection of the dopant precursor into the stream of the pristine
CsPbCl; QDs, the excess Cl™ anions rapidly fill the CI™ vacancies present at the sur-
face of the pristine CsPbCl; QDs, and thus significantly reduces the population of the
available distorted unit cells.?*”"’? During the incubation time, the excess free
OAm™ ions bind to the halide sites at the outer surface unit cells, forming an x-
type oleylammonium chloride ligand shell.”? These two processes can explain the
healing effect of the Mn-doping reaction for the removal of the surface defects in
the beginning of the post-synthetic metal cation-doping process (i.e., the increased
exciton peak emission area). Next, the activated dopant precursors (i.e., MnCl,-
OAm complex) bind to the available CI™ anions in the halide sites at the outer surface
of the PQDs to initiate the cation-exchange process.”® As shown in Figure 3C, by
increasing the dopant concentration from 7.2 to 18 mM, the extent and intrinsic ki-
netics of the Mn-doping reaction increased up to Cy = 22.5 mM, and then decreased
due to the less available free oleylammonium ions to bind to the surface of the pris-
tine CsPbCl; QDs and remove surface Pb?* cations for the cation-exchange reaction.
The intrinsic kinetic constant (kq) values of the Mn-doping reaction at different Cy
values are presented in Figure S5A, which follow the same trend of A, discussed
previously.

Figure 3D presents the normalized individual and the cumulative area under the
exciton and the Mn emission peaks. It is apparent that, during the surface doping
of CsPbCl; QDs, the surface defects of the Pb halide PQDs are reduced, as the total
peak emission areas of the Mn-doped CsPbCl; QDs increased for all tested dopant
concentrations. When increasing the dopant concentration, the exciton peak area
reduced until Cy = 18 mM and then increased at Cy = 22.5 mM. Likewise, the
normalized Mn emission peak area increased until Cyy = 18 mM and then decreased
at Cy = 22.5 mM. This finding is aligned with our previously proposed surface-
doping mechanism. At the maximum Mn doping (Cy = 18 mM), all the available sur-
face Pb?* cations are exchanged with the activated dopant precursor.?**® At Cy; =
22.5mM, as the amount of OAm in the dopant precursor is constant, higher amounts
of free Mn?" cations are available in the dopant stream. The presence of free Mn?*
cations can interrupt the transfer of the activated MnCl,-OAm complexes and inhibit
their attachment to the halide sites and, as a result, fewer numbers of Pb%* and Mn?*
cations can be exchanged at the surface of the CsPbCl; QDs.
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Figure 4. Effect of ligand-to-solvent ratio (Lgs) on the kinetics and extent of the in-flow Mn-
doping process

(A and B) The steady-state UV-vis (A) absorption and (B) PL spectra of the pristine and Mn-doped
CsPbCl; QDs at different ligand-to-solvent ratios.

(C) The area ratio (A,) variation of the exciton to Mn emission peaks over the course of the in-flow
metal cation-doping process for different Lgs values. The first 0.5 s is considered as the incubation
time of the heterogeneous surface-doping mechanism.

(D) The normalized exciton, Mn, and total emission peaks of the Mn-doped CsPbCl; QDs at
different Lgs values.

Effect of ligand-to-solvent ratio on the in-flow cation doping

Following the studies of the effect of dopant concentration on the cation doping of
Pb halide PQDs, in the next set of experiments we assessed the effect of ligand
composition present in the dopant precursor on the heterogeneous surface-doping
reaction. The concentration of the MnCl; salt remained constant while varying the
ligand-to-solvent ratio. Four different Lgs values were explored for our in-flow
cation-doping studies. Figure 4A (and Figure S4C) shows the steady-state UV-vis ab-
sorption spectra of the Mn-doped CsPbCl; QDs at different Lgs values. Except for
Lrs =0, the absorption intensity at the first excitonic peak increased after Mn doping,
which confirms the role of the cation doping in the elimination of the localized sur-
face traps. It should be noted that, at Lgs = O (i.e., in the absence of OAm), the
MnCl; salt cannot be completely dissolved in ODE.*” Therefore, the absence of sur-
face-doping reaction is expected at Lgs = 0. The steady-state PL spectra of the four
studied ligand compositions are shown in Figure 4B (and Figure S4D). At Lgs = 0,
there is no evidence of the Mn emission peak, indicating the lack of Mn doping in
the absence of OAm to activate the doping precursor. The critical role of the
OAm for the activation of the MnCl; precursor and the Mn-doping surface reaction
has previously been demonstrated.”*** We postulated that the formation of the
activated MnCl,-OAm complexes in the dopant precursor, followed by their binding
to the halide sites in the truncated [PbCl,]*~ octahedra present at the outer surface
of the pristine CsPbCl; QDs, provides an opportunity for the MnCl,-OAm complexes
to be exchanged with PbCl,-OAm at the surface octahedra through a cation
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migration. At Lgs = 0.1, as a result of surface-doping reaction, the exciton peak in-
tensity increased and the Mn emission peak became apparent. However, by further
increasing the Lgs beyond 0.1, the exciton and Mn emission peaks both diminished.
A similar trend was observed in the A, values (Figure 4C) and the intrinsic doping
constant (Figure S5B), indicating a slower intrinsic kinetic and lower extent of the
Mn doping at high Lgs values. This phenomena could be attributed to the fact
that, at higher Lgs values, higher amounts of free OAm™ ions might deteriorate
the host CsPbCl; QDs.*? Therefore, at high Lgs values, lower amounts of octahedra,
and thus the surface Pb?* cations are available to be exchanged with the activated
dopant precursors. Moreover, due to the higher availability of excess OAm™ ions at
high Lgs values, similar to the effect of high Cy values, fewer MnCl,-OAm complexes
could be exchanged at the surface of the pristine CsPbCl; QDs, due to the induced
diffusion limitations. These observations are in line with the observation of the
exciton and Mn emission peak areas at different Lgs values, as shown in Figure 4D.
At Lgs > 0.1, the normalized exciton and Mn emission peak areas, as well as the total
emission peak areas, decreased for all Lgs values tested here, which indicates a lower
extent of Mn doping as a result of the lower cation-exchange reaction rates. The
decrease in both the normalized Mn emission peak area and the normalized exciton
peak area suggests (1) lower amounts of surface Pb®* cations present at high Lgs
values and (2) a lower exchange rate between the MnCl,-OAm complexes and
PbCl,-OAm units at the surface unit cells. Furthermore, we studied the detrimental
effect of high amounts of free OAm™ ions on the colloidal integrity of the PQDs and
the dynamics of the cation-doping process. Figures S6A and S6B show the in-situ-
obtained UV-vis absorption spectra of the pristine CsPbCl; QDs diluted in flow
with ODE in the absence and presence of OAm (Lgs = 0.1), respectively. As shown
in Figures S6A and S6B, the absorption intensity values diminished slightly in the
presence of OAm and reached a plateau within 2 s. Moreover, the effect of OAm
on the UV-vis absorption spectra of the washed CsPbCl; QDs at different dilution ra-
tios were studied and are presented in Figure S6C. As expected, in the presence of
high concentration of OAm, the well-defined excitonic features of the UV-vis absorp-
tion spectra of CsPbCl; QDs were diminished, indicating the degradation of
CsPbCl; QDs. Therefore, it can be concluded that, at high Lgs, both the structural
integrity of the CsPbCl; QDs and the kinetics and the extent of the Mn-doping reac-
tion could be negatively impacted.

In summary, the automated modular microfluidic platform enabled us to reveal the
complex dynamics of the heterogeneous surface cation doping of Pb halide PQDs
that was otherwise impossible to deconvolute and study using conventional flask-
based synthesis techniques. Moreover, the developed modular microfluidic plat-
form in this work can be readily adapted for accurate fundamental investigations
and continuous flow doping of other nanocrystals hosts and impurities. In one
example, we utilized the same flow chemistry strategy developed in this work to
perform successful Mn doping of CsPbBrz QDs—synthesized using our previously
reported protocol.*’” Figure S7 shows the steady-state UV-vis absorption and PL
spectra of the pristine and Mn-doped CsPbBr; QDs. As shown in Figure S7, upon
Mn doping of CsPbBr; QDs, the excitonic PL peak blue shifted from 492 to
408 nm as a result of simultaneous anion exchange and cation-doping reactions.

Based on our in situ spectral and offline structural characterization results, we pro-
pose a vacancy-assisted cation migration mechanism for the room temperature,
post-synthetic Mn doping of CsPbCl; QDs. Figure 5 shows a schematic illustration
of the surface processes involved during the heterogeneous metal cation doping
of Pb halide PQDs. This mechanism is dissected into two stages of (1) an early-stage
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Figure 5. Proposed metal cation-doping mechanism
Schematic illustration of the vacancy-assisted metal cation migration mechanism during the room temperature, post-synthetic Mn doping of CsPbCl;
QDs.

surface healing/treatment reaction within the incubation time (~0.5 s), and (2) a sur-
face cation-exchange reaction that can be rapidly conducted in ~2 s.

Given the labile ionic nature of the ligands and ligand-metal bindings, the purifica-
tion of the CsPbCl; QDs with a polar MA anti-solvent and then the following dilution
steps, desorb a major fraction of ligands around the surface of the pristine
PQDs.®”" The surface defects of the washed CsPbCl; QDs cannot only be limited
to the ligand removals and includes the formation of ClI~ vacancies and distorted
octahedra unit cells mostly at the outer surface of the PQDs.”" Upon mixing of the
MnCl; precursor with the purified CsPbCl; QDs, the excess free Cl™ anions present
in the dopant precursor fill the vacant halide sites of truncated [PbCle]*~ unit cells
present at the surface of the PQDs. Next, the excess free unprotonated OAm™ cat-
ions, coming from the MnCl; precursor, bind to the CI™ anions located in the surface
unit cells and form the x-type oleylammonium chloride ligand shell.?*””? De Roo et al.
has previously demonstrated that the surface of the CsPbBr3 nanocrystals can be
passivated through a pair of x-type ligands, binding with the oleylammonium cations
to the surface bromide sites.”” Following these two steps, a portion of localized sur-
face traps are removed, and a new ligand shell environment is created around the
outer surface of the CsPbCl; QDs. The enhanced UV-vis absorption intensity values
of the first excitonic peak, along with the enhanced exciton emission peak intensity
at the early stage of the metal cation-doping process, further support the existence
of a surface defect removal step in the surface-doping mechanism. Then, the acti-
vated MnCl,-OAm complexes can attach to the available halide sites in the surface
unit cells to initiate the Mn-doping process.?

In the second stage of the cation-doping process, the MnCl,-OAm complex is
exchanged with the PbCl,-OAm complex in the surface unit cell, forming the surface
[MnCly] octahedra, passivated by oleylammonium chloride ligands.”*’ Due to the
rigid structure of Pb?* cations surrounded by halide salts, a high activation energy is
required to form Pb®* vacancies and perform Pb?*-to-Mn?" cation-exchange reac-
tions.”®*! When the concentration of MnCl; increases, the population of the acti-
vated MnCl,-OAm complexes increases, and therefore the extent of Mn doping is
enhanced and the cation-exchange surface reaction reaches completion in a shorter
period of time (i.e., faster intrinsic doping kinetics). However, upon further
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increasing the concentration of MnCl; in the dopant precursor at a constant Lgs, the
number of available free Mn?* cations in the dopant precursor increases, which dis-
rupts the dynamics of the doping process by inducing mass transfer limitations for
the activated MnCl,-OAm complexes. Therefore, the cation-exchange reaction
rate and the extent of Mn-doping decrease. In addition, at high ligand-to-solvent ra-
tios (Lgs » 0.1), the basic environment induced by OAm™ cations, deteriorates the
integrity of the CsPbCl; QDs present in the reaction mixture. In addition, at high
values of Lgs (similar to high Cy), excess OAm™ cations can promote diffusion limi-
tations and decrease the cation-exchange rate. The low activation energy require-
ment for the formation of ClI™ vacancies enables the MnCl,-OAm complex to be
exchanged with the PbCl,-OAm surface unit through the proposed vacancy-assisted

cation migration mechanism.”*-*®

Conclusions

In conclusion, we introduced a facile and tunable microfluidic synthesis approach for
the continuous metal cation doping of Pb halide PQDs. We utilized a modular ro-
botic flow synthesis platform for the time- and resource-efficient mechanistic inves-
tigations of the metal cation doping of CsPbCl; QDs with a high degree of emission
tunability. The integration of a mobile, multimodal spectral characterization probe
with the modular microfluidic platform allowed us to accurately study the kinetics
and reveal the mechanism of the metal cation doping of CsPbCl; QDs with a time
resolution of 60 ms, which is otherwise impossible using current flask-based QD syn-
thesis strategies. Utilizing the developed microfluidic platform, we rapidly investi-
gated the effect of the metal cation dopant precursor concentration and ligand
composition on the optoelectronic properties of Mn-doped CsPbCl; QDs and pro-
posed a two-stage heterogeneous surface-doping mechanism through the vacancy-
assisted metal cation migration.

In addition to the fundamental mechanistic studies of the metal cation-doping pro-
cess, we demonstrated the first ultrafast continuous nanomanufacturing route (~2 s
reaction time) of precision-tailored Mn-doped CsPbCl; QDs for next-generation en-
ergy technologies. Further development and adoption of the developed in-flow
metal cation-doping strategy toward other impurity-doped nanomaterials is ex-
pected to significantly accelerate development of optimal formulations of novel en-
ergy-relevant nanomaterials with unique physicochemical and optoelectronic prop-
erties at a fraction of the time and cost of currently utilized batch techniques.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Milad Abolhasani (abolhasani@ncsu.edu).

Materials availability
This study did not generate new unique reagents.

Data and code availability
The in-flow metal cation-doping data are available upon request.

Materials

Lead (Il) chloride (99%) and MnCl; (97%, anhydrous) were purchased from STREM
Chemicals. MA (99%, extra pure) and 1-octadecene (ODE) (90%) was purchased
from ACROS Organics. Oleylamine (OAm) (70%), oleic acid (OA) (90%), and cesium
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carbonate (Cs,CO3) (99.9%) were purchased from Sigma-Aldrich. Hexane (certified
ACS) was purchased from Fisher Scientific. High-performance heat transfer perfluori-
nated oil (PFO) (Galden HT 270) was purchased from Solvay. Argon (Ar) and nitrogen
(Ny) tanks were purchased from Airgas. All the chemicals were used without further
purifications.

Preparation of CsPbCl; QDs

CsPbCl; QD precursors were prepared by adapting the procedure reported by Hills-
Kimball et al. with slight modifications.*? First, the Cs-oleate precursor was prepared
by loading 102 mg Cs,CO3, 5 mL ODE, and 312.5 pL OA in a 24 mL septa vial and
heating at 120°C for 1 h under vacuum to obtain a clear solution. To ensure complete
dissolution of Cs,COg3, the solution remained at 120°C and was heated for 1 h under
N». The vacuum and the flow of N, were controlled using an in-house Schlenk line
system. Next, 0.748 mmol PbCl, (208 mg), 20 mL ODE, 2 mL dried OA, and 2 mL
dried OAm were added into a 100 mL 3-neck flask, followed by heating under vac-
uum at 120°C for 1 h to obtain complete dissolution of PbCl; salts. Then, the mixture
was heated to reach 170°C under N, and vigorous stirring. To synthesize CsPbCl;
QDs, 1.6 mL of the Cs-oleate precursor was rapidly injected into the heated PbCl,
solution and the mixture was immediately cooled in an ice bath. To purify the synthe-
sized CsPbCl; QDs, the crude mixture was washed with MA with a volumetric ratio of
1:2 CsPbCl; QDs:MA. The collected colloidal suspension was then centrifuged at
6,500 rpm for 6 min to separate the white precipitates of PQDs from the supernatant.
The precipitated CsPbCl; QDs were re-dispersed in ODE to form the colloidally sta-
ble washed QDs for the in-flow cation-doping studies. The initial concentration of
the CsPbCl; QDs were maintained at 3.3 x 1077 M using the absorbance value at
380 nm and reported intrinsic absorption coefficient for the size distribution of

66,67

CsPbCl; QDs spanning from 9 to 11 nm.

Preparation of the MnCl, precursor

To prepare the MnCl, precursor, 0.8 mmol dried MnCl, (100.6 mg) salts, 20 mL ODE,
and 2 mL dried OAm (Lgs = 0.1) were loaded in a 40 mL septa vial and heated under
flow of N3 at 120°C for 2 h to completely s dissolve the MnCl; salt.

In-flow experimentation

Microfluidic platform

Flow synthesis of Mn-doped CsPbCl; QDs was carried out in an automated modular
microfluidic platform previously developed in our group.”’-*® The assembly of the
microfluidic platform involves three structural core modules of the support structure,
flow cell, and sampling tracks (custom machined in aluminum, Stratasys Direct
Manufacturing). All the fluid-streaming components (tubing, fluidic connections,
and fittings) were purchased from IDEX-Health & Sciences. An in-house LabVIEW
script was utilized to centralize control of different modules of the automated micro-
fluidic platform, including a dual syringe pump (Chemyx, Fusion 4,000), a mass flow
controller (Bronkhorst, EL-FLOW Select), a 30 cm translational stage (Thorlabs,
LTS300, with a maximum linear velocity of 5 cm s, a high-power LED (Thorlabs,
M365LP1), fiber-coupled light source (Ocean Insight, DH-2000BAL), and a fiber-
coupled photospectrometer (Ocean Insight, Ocean HDX Miniature Spectrometer).

In-flow cation doping of Pb halide PQDs

Continuous metal cation doping of CsPbCl; QDs was carried out at room tempera-
ture in the modular microfluidic platform shown in Figure 2A. The washed CsPbCl;
QDs and MnCl, precursor were loaded in gas-tight stainless steel (SS) syringes
(Chemyx, 50 mL) under inert conditions. To achieve in-flow concentration tuning
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of the dopant precursor, the dopant solvent (ODE) with the same ligand-to-solvent
ratio (OAm:ODE) was prepared and loaded in another SS syringe under inert condi-
tions. Fluorinated ethylene propylene (FEP) tubing (0.02” ID, 1/16” OD) was utilized
to connect the precursor syringes to off-the-shelf T-junctions and a custom-designed
polyether ether ketone (PEEK) four-way junction. The FEP tubing (0.01” ID, 1/16"
OD) was also used to fabricate two inline static micromixers with a dead volume of
2 pL for intensifying the microscale mixing efficiency of the chemical precur-
sors.”//47555¢ The concentrated MnCl, precursor and dilution solution streams
were directed to an off-the-shelf T-junction and then passed through a braided mi-
cromixer to continuously adjust the concentration of the dopant precursor before
the cation-doping process. Next, the diluted stream of MnCl; and washed CsPbCls
QDs were mixed in another in-series T-junction and braided micromixer to achieve a
homogeneous reactive mixture before entering the modular microfluidic reactor.
The pre-mixed cation-exchange reaction solution and the inert carrier fluids (i.e.,
Ar and PFO) were then directed to the modified PEEK cross-junction to form a
three-phase flow throughout the flow reactor (FEP tubing, 1/16” ID, 1/8” OD). The
in-flow cation-doping process was accurately and thoroughly monitored at different
residence times along the flow reactor without changing the precursor flowrates (i.e.,
mixing timescale). The mobile three-port flowcell installed on the translational stage
enabled monitoring of the fast cation-doping reaction through time-to-space trans-
formation at 22 distinct optical ports. Concentrations of the dopant precursor and
OAm were tuned on the fly by adjusting the volumetric flow rates of the washed
CsPbCl; QDs (Qq) and the diluted MnCl, precursor (Q; = Qa1 + Qz.5; where Qp.4
and Qy., are the volumetric flow rates of the concentrated MnCl, precursor and
the dilution solution, respectively) to be Q;:Q, = 1:1. To establish a stable three-
phase flow at high axial flow velocity (Video S1) for reaction-limited kinetic and
mechanistic studies of the cation-doping process, the flow rates of Ar and PFO
streams were set at 5 and 1 mL/min, respectively. Mathematical correction factors
were calculated and applied to ensure identical absorption and photoluminescence
results for one unique sample across all optical monitoring ports along the flow

reactor.*®

Flow cell validation

A1 x 10 mm quartz cuvette was used for offline absorption validation of the in-situ-
obtained spectra via the three-port flow cell installed on the translational stage.
Moreover, the accurate PL spectroscopy by the mobile flow cell was validated, using
a bench-top PL spectrometer (Edinburgh FS5). As shown in Figure S8, the in-situ-ob-
tained absorption and PL spectra from the microfluidic platform matched the spectra
obtained from the offline measurements with the quartz cuvette and PL
spectrometer.

Offline characterization

The washed CsPbCl; QDs and Mn-doped CsPbCl; QDs were analyzed using TEM
and XRD. TEM imaging was conducted using an FEI Talos F200X operated at an ac-
celeration voltage of 200 kV to acquire the morphology of the PQDs. TEM samples
were prepared by drop-casting the PQD solution onto a copper TEM grid (Ted Pella,
200 Mesh Carbon Film). To characterize the crystalline structure of the in-flow syn-
thesized Mn-doped CsPbCl; QDs, XRD patterns were recorded using a Rigaku
SmartLab X-Ray diffractometer equipped with Cu Ka radiation (x = 0.154 nm) oper-
ating at 40 kV. Supplementary elemental mapping was carried out using the EDS of
FEI Talos F200X. EPR spectroscopy measurements were conducted using a Bruker
ELEXSYS E500 X-Band CW Spectrometer. The washed CsPbCl; QDs and Mn-doped
CsPbCl; QDs were dispersed in hexane and characterized at room temperature with
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a modulation amplitude of 4 G and a power of 2 mW. Quinine sulfate in 0.05 M sul-
furic acid was used as the reference for the relative PLQY measurements of the Mn-
doped CsPbCl; QDs. The PLQY measurement was conducted in a 10 x 10 mm
quartz cuvette, and all the absorption values were kept below 0.1 at the excitation
wavelength (365 nm). Further information can be found in our previous
studies.?’:>%°¢
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