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Despite the groundbreaking advancements in the synthesis of inorganic lead 
halide perovskite (LHP) nanocrystals (NCs), stimulated from their intriguing 
size-, composition-, and morphology-dependent optical and optoelectronic 
properties, their formation mechanism through the hot-injection (HI) syn-
thetic route is not well-understood. In this work, for the first time, in-flow HI 
synthesis of cesium lead iodide (CsPbI3) NCs is introduced and a compre-
hensive understanding of the interdependent competing reaction parameters 
controlling the NC morphology (nanocube vs nanoplatelet) and properties 
is provided. Utilizing the developed flow synthesis strategy, a change in 
the CsPbI3 NC formation mechanism at temperatures higher than 150 °C, 
resulting in different CsPbI3 morphologies is revealed. Through comparison 
of the flow- versus flask-based synthesis, deficiencies of batch reactors 
in reproducible and scalable synthesis of CsPbI3 NCs with fast formation 
kinetics are demonstrated. The developed modular flow chemistry route pro-
vides a new frontier for high-temperature studies of solution-processed LHP 
NCs and enables their consistent and reliable continuous nanomanufacturing 
for next-generation energy technologies.
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work are nanoplatelets (NPLs) and nano-
cubes (NCubes) of cesium lead iodide 
(CsPbI3). CsPbI3 NCs have exhibited 
intriguing properties and performances 
in photonic and optoelectronic devices. 
The first reported power conversion effi-
ciency (PCE) of a CsPbI3 NC-based solar 
cell exceeded 10%,[5] and it has been rap-
idly rising over the past 5 years, with 
recent PCEs exceeding 15%.[7,14–16] Despite 
their success in the field, CsPbI3 NCs still 
suffer from phase instability and charge 
carrier problems.[6,7] It has recently been 
demonstrated that ligand management on 
the CsPbI3 NC surfaces can mitigate their 
phase instability and the charge carrier 
issues.[6,7,17] The understanding of CsPbI3 
NC formation mechanism and their reli-
able and scalable production are vital for 
further advancements and adoption of 
these promising class of semiconducting 
NCs by energy technologies.

NCubes have been the most extensively 
studied morphology of LHP NCs,[2,3] which is evident from 
their significant progress and ubiquitous use. Interests in LHP 
NPLs have progressed at a slower rate due to the intrinsic insta-
bility of these NCs caused by their high surface-to-volume ratio, 
resulting in the increased difficulty of their post-processing 
and long-term stability. Despite these challenges, LHP NPLs 
have recently been demonstrated to possess larger exciton 
binding energies (improves exciton recombination)[3,18] and 
enhanced emission and absorption characteristics compared to 
NCubes.[3,18,19] Additionally, the 2D nature of NPLs makes them 
more suitable for optoelectronic device fabrication[3,20] due to 
their tendency for face-to-face stacking[18,21] and their preference 
for wide-side assembly on a substrate.[19,22,23]

Most reports regarding LHP NPLs have been focused on 
cesium lead bromide (CsPbBr3),[18,24–31] followed by a post-syn-
thesis halide exchange reaction to produce other halide compo-
sitions.[18,25] One-pot synthesis of CsPbI3 NPLs has also been 
reported[20,31] using ultrasonication at room temperature[20] 
and hot-injection (HI) with the aid of an additive halide salt 
(tin iodide) to induce NPL formation.[31] However, no universal 
consensus exists pertaining to how the formation of both aniso-
tropic (NPLs) and isotropic (NCubes) CsPbI3 NC structures can 
occur in a given reaction condition.

Different hypotheses have been proposed to explain the fac-
tors/mechanisms that favor anisotropic versus isotropic growth 
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1. Introduction

Inorganic lead halide perovskite (LHP) nanocrystals (NCs) have 
been studied extensively since their discovery in 2015.[1–4] This 
interesting class of materials has resulted in groundbreaking 
advancements in different applications ranging from photonic 
devices[5–11] to photocatalysis.[12,13] The vast literature around 
LHP NCs stems from the dynamic and complex nature of 
their synthesis and processing universe that consists of a mul-
titude of tunable and interdependent parameters affecting the 
NC morphology and thereby their optical and optoelectronic 
properties. The LHP NC morphologies of interest in this 
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of NPLs and NCubes, respectively. The generally accepted NC 
growth model[32,33] states that the nucleation and growth of NCs 
is governed by the balance of surface reaction rate and mon-
omer diffusion to the surface. Riedinger et al.[34] expanded the 
conventional NC growth model by including volume, surface, 
and edge energies, and revealed that cadmium selenide growth 
was favored on the narrow facet (leading to the NPL formation). 
Riedinger et al. proposed that this model could be applied to 
CsPbX3 (X = Cl, Br, and I) NCs. Bekenstein et  al.[18] provided 
a different NPL growth mechanism in which the 2D growth of 
CsPbBr3 NPLs is guided by soft templates where NPLs grow 
inside lamellar structures. However, the exact nature and 
origin of the lamellar structures was not elucidated. In a dif-
ferent study, Burlakov et al.[24] coupled Monte Carlo simula-
tions with experimentation and found that the CsPbBr3 NPL 
growth was dictated by the competition between monomer and 
ligand formation on the NC surface, that is controlled by the 
temperature and ligand binding energy. The common theme 
between all proposed hypotheses of LHP NPL formation mech-
anisms[24,26,28,29,31] is the competition of cesium ions (Cs+) with 
oleylammonium ions for the A-site cation in the perovskite NC, 
where oleylammonium ions impede the growth on the crystal-
line plane they attach to, leading to the NPL morphology.

Despite the success in the field and wide range of applica-
tions in which CsPbI3 NCs have been used,[6,10] the scientific 
community is lacking a comprehensive understanding of their 
formation mechanism. The expansive range of parameters 
affecting CsPbI3 NC synthesis coupled with their fast forma-
tion kinetics and process-sensitive nature of their HI synthetic 
route, complicate their accurate fundamental and applied 
studies using conventional flask-based synthesis techniques—
with uncontrollable and irreproducible heat and mass transfer 
rates, resulting in reaction vessel size-dependent NC variations 
(Figure 1). In response, we present a modular flow chemistry 
strategy to systematically investigate different high-tempera-
ture synthetic routes of CsPbI3 NCs, including HI, pre-heating 
(PH), and heat-up (HU). The most widely adopted CsPbI3 NC 
synthesis method is HI, where the lead iodide (PbI2) precursor 
is heated to the desired reaction temperature and the Cs pre-
cursor is then injected into the pre-heated PbI2 precursor at 
relatively lower temperatures. In the HU synthesis technique, 
both Cs and PbI2 precursors are mixed at room temperature 
and then heated to the desired reaction temperature. HU is not 
favorable in batch reactors due to the slow heating rates. In the 
PH synthesis technique, both precursors are heated to the reac-
tion temperature before injection. PH synthesis in batch reac-
tors poses temperature control problems for the second pre-
cursor, where it is difficult to maintain the desired temperature 
of the injected precursor.

Microscale flow synthesis strategies provide: i) automated 
high-throughput experimentation and in situ NC diagnostic 
capability through optical spectroscopy, ii) enhanced heat and 
mass transfer rates that allow for the rapid heating of the flow 
reactor and precursor streams followed by the equally rapid 
thermal quenching of the product stream, thereby effectively 
terminating the reaction and subsequent NC growth, iii) ease of 
precursor formulation which facilitates the use of different pre-
cursor ratios, and iv) access to early reaction timescales (<1 s). 
These advantages facilitate the accurate fundamental studies of 

HI CsPbI3 NC synthesis. Prior work of high-temperature flow 
synthesis of LHP NCs have mainly focused on their HU syn-
thetic route,[35–38] where the precursors were mixed at room 
temperature followed by flowing into a heated reactor zone.[39]

In this work, utilizing a modular flow synthesis strategy, we 
study the formation mechanism and kinetics of CsPbI3 NCs 
using the HI synthetic route. We map the chemical universe 
of the HI synthesis of CsPbI3 NCs and provide a rationale for 
their isotropic versus anisotropic growth in a precisely con-
trolled microreaction environment. We systematically examine 
the effect of key interrelated reaction parameters affecting the 
HI synthesis of CsPbI3 NCs, including temperature, lead-to-
cesium ratio (Rp), residence time (τr), and oleylammonium-
to-Cs+ ratio (ROC), to unveil their formation mechanism and 
growth dynamics. We couple our in situ findings with offline 
transmission electron microscopy (TEM) imaging to provide 
a comprehensive understanding of the isotropic versus ani-
sotropic growth of CsPbI3 NCs and reveal a change in their 
formation mechanism as the synthesis temperature increases 
beyond 150 °C. Building on these findings, we demonstrate the 
role of flow reactors in the consistent large-scale synthesis of 
CsPbI3 NCs with desired morphology and optical properties, 
without sacrificing the NC quality.

2. Results and Discussion

The modular flow reactor was specifically designed to mimic the 
HI synthetic route commonly used for the batch synthesis of 
CsPbI3 NCs,[1] and at the same time allow for exploration of both 
HU and PH synthesis techniques. Figure 2A presents a sche-
matic of the developed modular flow reactor for the high-tem-
perature synthesis of CsPbI3 NCs. Machined aluminum blocks 

Figure 1.  Overview of the advantages and challenges of conventional 
batch reactors for fundamental and applied studies of colloidal NCs with 
fast formation kinetics (CsPbI3 NCs).
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(Protolabs) with serpentine flow reactor patterns were used to 
house and rapidly heat perfluoroalkoxy (PFA) tubing (outer 
diameter (OD): 1/16 in., inner diameter (ID): 0.02 in.). Cartridge 
heaters embedded into the machined aluminum plates (Watlow, 
diameter: 0.12 in., length: 4 in.), connected to a PID tempera-
ture controller (Omega, CN9311), were used for heating the PH 
and the flow reactor modules. The flow reactor section of the 
modular flow reactor, shown in Figure 2, is designed in a way to 
accommodate 36 different lengths (volumes) of the flow reactor 
within the same heating plate (Figure  2B), thereby removing 
the need for the redesign and machining of a new flow reactor 
module for each flow reactor volume. This unique feature is 
critical to ensure the precursor mixing dynamics of CsPbI3 NCs 
remain the same at different reaction times (residence times) 
during the in-flow high-temperature synthesis (i.e., similar total 
flow rate for different flow reactor volumes), and do not impact 
the NC formation mechanisms and properties.

Using a separate heating module for each precursor allows 
for an on-demand configuration of the synthetic route (HI, 
PH, or HU) before entering the flow segmentation module 
(Figure  2A). An inert continuous phase (perfluorinated oil, 
PFO) is used for the flow segmentation and is heated to the 
desired reaction temperature for HI and PH synthesis of 
CsPbI3 NCs. The use of PFO serves two purposes: i) it is used 
as a carrier phase to segment the reactive phase and induce 
an axisymmetric swirling pattern within the formed droplets 
to enhance mixing, and ii) it preferentially wets the PFA inner 
wall and forms a lubrication film to isolate the reactive droplets 
and prevent fouling.[4,40–42] The Cs precursor stream is mixed 

with an octadecene (ODE)/oleic acid (OA) solvent stream at 
the room temperature, using a T-junction (IDEX Health and 
Sciences), before entering the flow segmentation module to 
achieve the desired Cs concentration (Figure 2A). The segmen-
tation module is a custom-machined four-way junction (poly-
ether ether ketone), specifically designed to achieve reliable and 
uniform flow segmentation with two reactive streams and a car-
rier fluid.[43,44] The volumetric injection ratio of the Cs and PbI2 
precursors used in this study is 1:1 to achieve a wider range of 
in-flow tuning of the Cs concentration to explore different Rp 
values. Following the injection of the Cs precursor into the PbI2 
stream within the segmentation module, the formed two-phase 
flow enters the heated flow reactor module (red and dark gray 
tubing in Figure 2A) for the desired residence time. In order to 
maintain identical precursor mixing timescales within the reac-
tive phase droplets, the residence time was varied by changing 
the flow reactor length placed inside the same flow reactor 
heating module (Figure  2B). An additional length of the flow 
reactor tubing (2 m long) was included past the heating module 
to ensure that the reaction product reaches room temperature 
before entering the in situ spectral characterization module.

The spectral characterization module is a custom-designed 
three-port flow cell connected to the outlet of the flow reactor. 
The flow cell is a machined aluminum block with three optical 
fiber (Ocean Insight, 600 µm diameter) ports and a fluorinated 
ethylene propylene tubing (OD: 1/16 in., ID: 0.03 in.).[40] The 
flow cell allows for real-time spectral characterization of the in-
flow synthesized CsPbI3 NCs through UV–vis absorption and 
photoluminescence (PL) spectroscopy (Figure 2A). The optical 

Figure 2.  A) Schematic of the modular flow chemistry platform developed for the high-temperature synthesis of CsPbI3 NCs. B) Illustration of three 
different flow reactor lengths (volumes) accommodated within the same heating module. The total flow rate used for this study was 1500 µL min−1 
(PFO = 500 µL min−1, PbI2 precursor = 500 µL min−1, and diluted Cs precursor = 500 µL min−1).
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fibers are connected to a broadband light source (Ocean Insight, 
DH-2000-BAL) for UV–vis absorption spectroscopy, a 450  nm 
light emitting diode (Thorlabs) as the PL excitation source, and 
a miniature fiber-coupled spectrometer (Ocean Insight, HDX). 
In situ PL spectroscopy is used to monitor the peak emission 
wavelength, λem, and calculate the relative PL quantum yield 
(PLQY) of the in-flow synthesized CsPbI3 NCs.

The quantum-confined nature of CsPbI3 NCs implies that a 
change in the NC size or shape would correspond to a change in 
λem, where smaller dimensions (i.e., smaller NCubes or thinner 
NPs) cause a blue-shifted λem, provided one (NPLs) or three 
(NCubes) NC dimensions are smaller than the Bohr radius.[1,45] 
The location of the first excitonic peak of the in situ obtained 
UV–vis absorption spectra is indicative of the size/shape of 
the NCs, where smaller/thinner NCs cause a blue-shift. The 
absorption intensity at high photon energies is directly corre-
lated to the concentration of the synthesized NCs, using the 
Beer–Lambert law, which enables monitoring of the reaction 
progress and is also used for relative PLQY calculations.

One of the important factors in multi-phase flow synthesis 
of colloidal NCs is the uniformity of the droplet size (related to 
mixing time) and velocity (related to residence time) within the 
train of droplets flowing along the flow reactor at high reaction 
temperatures. In the first set of experiments, we studied the 
multi-phase flow uniformity within the modular flow reactor 
shown in Figure  2A. The light absorption difference between 
the reactive and the carrier phase flowing in the flow cell is uti-
lized to automatically identify the boundaries of each respective 
fluid.[40] Figure S1, Supporting Information shows a PL inten-
sity time-series plot at 450  nm for different reaction tempera-
tures and illustrates the droplet uniformity of the multi-phase 
flow format employed for synthesizing CsPbI3 NCs at different 
reaction temperatures.

One of the unique attributes of automated flow reactors 
integrated with in situ characterization modules is access to 
early reaction timescales (<1 s) with a time resolution that is 
impossible to attain in batch reactors. Furthermore, when syn-
thesizing NCs in batch reactors, there is a considerable time 
delay between the precursor injection and transfer of the reac-
tion vessel into an ice bath which limits the lower bound of 
the feasible reaction time in flask-based synthesis techniques  
(≈5 s). Additionally, flask-based colloidal NC synthesis methods 
suffer from comparatively lower heat transfer rates than flow 
reactor, which results in a temperature gradient across the flask 
where the outer edge cools at a rate faster than the core of the 
vessel where NC growth continues to happen. In contrast, the 
reaction product cools significantly faster and more uniformly 
in flow reactors compared to batch, due to the reduced active 
fluid volume, resulting in rapid thermal quenching of the NC 
growth after the reaction at high temperatures. Based on a 2D 
numerical heat transfer simulation of the flow reactor used in 
this work (see Figure S2, Supporting Information), the reaction 
product cools at a rate of 400 °C s−1 (0.4 s to cool down from 180 
to 20 °C).

The plug-and-play and modular nature of the developed flow 
chemistry strategy allows for facile exploration of all three high-
temperature synthetic routes of CsPbI3 NCs (HI, PH, and HU), 
while maintaining a precise control over the enhanced heat 
and mass transfer rates. Figure 3 presents the three different 

configurations of the modular flow chemistry platform utilized 
for the in-flow synthesis of CsPbI3 NCs using the HI, PH, and 
HU synthetic routes. It should be noted that the only differ-
ence between the three configurations of the flow chemistry 
platform for different high-temperature synthetic routes is 
the number of precursor heating modules that can be readily 
inserted (or removed) to switch between HU, HI, and PH syn-
thesis techniques.

The UV–vis absorption and PL spectra as well as the TEM 
images of the in-flow synthesized CsPbI3 NCs using the HI, 
PH, and HU synthetic routes using the same starting precur-
sors, reaction temperature, and residence time are presented 
in Figure  3. The results shown in Figure  3 illustrate that the 
HU synthesis technique resulted in the NC population with the 
highest polydispersity, while the HI and PH techniques exhib-
ited a similar uniform NC size distribution, peak emission 
wavelength, FWHM, and PLQY (Figure  3, inset). Analysis of 
the selected area electron diffraction rings of the in-flow syn-
thesized CsPbI3 NCs revealed that all three synthetic routes 
resulted in NCs with an orthorhombic crystalline phase (Figure 
S3, Table S1, Supporting Information). However, the energy 
dispersive spectroscopy analysis of the CsPbI3 NCs revealed a 
sub-stoichiometric perovskite structure for the NCs synthesized 
using the HU synthesis technique (Note S3, Supporting Infor-
mation). Based on these findings, we selected the in-flow HI 
configuration of the modular flow reactor as the synthetic route 
for the systematic studies of CsPbI3 NC formation mechanism 
due to its higher NC quality than the HU synthesis technique 
and lower energy demand than the PH synthesis technique (2 
heating modules for the HI vs 3 for the PH).

Following the characterization of the developed fluidic NC 
synthesizer, we utilized the modular flow reactor to systemati-
cally investigate the formation mechanism and kinetics of HI 
synthesis of CsPbI3 NCs. Figure 4 shows a summary of the in 
situ obtained UV–vis absorption and PL spectra of the in-flow 
HI synthesis of CsPbI3 NCs for reaction temperatures from 130 
to 180 °C at different τr and Rp (see Figure S4, Supporting Infor-
mation for 110 °C). The first notable observation from Figure 4 
is that decreasing Rp (i.e., increasing Cs+) results in red-shifted 
first excitonic peaks (absorption spectra) and emission wave-
length (PL), indicative of the increased NC growth, where 
higher energy peaks (i.e., absorption peaks at ≈550 and 600 nm, 
PL peaks at ≈600 and 623 nm) represent either NPLs or small 
NCubes. Second, an increase in the reaction temperature and τr 
also leads to the increased NC growth. However, increasing the 
reaction time to 16 s results in a decrease of the UV–vis absorp-
tion intensity which can be attributed to the defocusing of the 
NC population due to ripening.[46]

The multimodal nature of the PL spectra of the in-flow syn-
thesized CsPbI3 NCs at lower Rp values (Figure  4; Figure S4, 
Supporting Information) implies the presence of different NC 
populations in the reaction mixture. The PL peak positions of 
600, 623, and 685  nm (Figure  4; Figure S4, Supporting Infor-
mation) are in agreement with the results reported by Tong et 
al.,[20] attributing them to CsPbI3 NPLs with monolayer thick-
nesses of 3, 4, and 16 layers, respectively. However, due to the 
different synthetic routes in which NPLs reported by Tong et 
al. were synthesized (room temperature ultrasonication vs 
HI reported in this work) and considering that small NCubes 
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can have similar PL peak positions as thick NPLs, we used 
TEM imaging to further validate the presence of NPLs versus 
NCubes in different in-flow synthesized CsPbI3 NC samples 
(Figure 5A). An important factor that must be considered is the 
delicate nature of small-sized CsPbI3 NCs, where common NC 
washing methods tend to either destroy the small-sized NCs or 
alter their morphology due to ligand stripping. Even the use of 
methyl acetate, the most commonly used antisolvent for puri-
fication of CsPbI3 NCs, destroys the smaller NCs during the 
post-synthesis washing stage, which can be inferred from the 
disappearance of the lower wavelength PL peaks after washing 
(see Figure S5, Supporting Information). The detrimental effect 
of polar antisolvents and harsh NC washing stages on the 
resultant (smaller) NC populations can negatively impact the 
accurate understanding of the NC formation mechanism in the 
reaction vessel. This deficiency highlights the key role of the 
non-destructive in situ characterization techniques to provide 
an actual portrayal of the NC population and formation mecha-
nism. Thus, we sought to characterize the NC population both 
online (in situ absorption and PL) and offline (TEM). Offline 
characterization requires the separation and purification of the 
in-flow synthesized CsPbI3 NCs. To preserve a representative 
population of the different CsPbI3 NC morphologies synthe-
sized in flow, we used hexane as the antisolvent, which proved to 
be a better alternative to methyl acetate (washing protocol avail-
able in the Note S5, Supporting Information) where all lower 

PL peaks were preserved post NC washing stage (see Figure S6, 
Supporting Information). It is worth noting that the antisolvent 
addition is important to extract the smaller NCs from the crude 
product mixture, where only centrifugation without any antisol-
vent addition is not successful in maintaining all CsPbI3 NC 
populations of the crude mixture (see Figure S6, Supporting 
Information), as reported by Bonato et al.[31]

Figure  5A presents representative TEM images of CsPbI3 
NCs synthesized at four different reaction temperatures and 
two extreme Rp values (2.25 and 9) at the residence time of 4 s. 
The residence time of 4 s was selected based on the PL and 
UV–vis absorption spectra shown in Figure  4, where the PL 
peak reached its equilibrium position (evident from the similar 
PL peak position between 4 and 16 s). The spectral data (UV–vis 
absorption, PL, and PLQY) of the CsPbI3 NC samples presented 
in Figure  5 along with the TEM images and spectral data of 
CsPbI3 NCs synthesized at the residence time of 0.6 s are pro-
vided in the Supporting Information (see Figures S7,S8, Table 
S2, Supporting Information). The results shown in Figure  5 
reveal a clear morphological difference between CsPbI3 NCs 
synthesized at Rp of 2.25 versus 9, where the former is domi-
nated by NCubes and the latter by NPLs, that is in agreement 
with the literature.[20,26,31] In order to better understand the 
morphological differences of CsPbI3 NCs obtained at different 
synthesis conditions, we analyzed the TEM images using the 
following metrics: NC area, circularity, short side length, and 

Figure 3.  A schematic illustration of the three configurations of the modular flow chemistry platform for high-temperature synthesis of CsPbI3 NCs 
(left). The UV–vis absorption and photoluminescence spectra of the in-flow synthesized CsPbI3 NCs using the same reaction conditions, but different 
PH configurations (middle) with their corresponding TEM images (right). Reaction temperature: 150 °C, Rp: 2.25, τr: 4 s.

Adv. Funct. Mater. 2022, 32, 2108687
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Figure 4.  UV–vis absorption (left) and PL spectra (right) of the in-flow synthesized CsPbI3 NCs at different τr and Rp values ranging from 0.6 to 16 s 
and 1.63 to 9, respectively at reaction temperatures of A) 130, B) 150, C) 165, and D) 180 °C. The Y-axes of the absorption (left) and PL (right) plots 
have the absorbance and arbitrary units, respectively.

Adv. Funct. Mater. 2022, 32, 2108687
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long side length (see Note S8, Supporting Information, for 

details of the TEM image analysis). Circularity, defined as 
π4
2

A

p
, 

where A and p are the NC area and perimeter, respectively, can 
be used as a metric to distinguish between NCubes and NPLs 
with different edge lengths. Sorting NCs based on their circu-
larity coupled with their area, reveals the dimensional ratio of 
the NPLs and therefore the length of the short and long side 
of the NPLs. Histogram plots of the circularity and short side 

length of the TEM images shown in Figure  5A are presented 
in Figure 5B,C, respectively (histograms of the long side length 
and the full quantitative analysis of Figure S7, Supporting 
Information are provided in Figures S9,S10, Supporting Infor-
mation). The first contrasting difference is that the circularity 
for Rp of 2.25 has a higher overall relative frequency around 
0.785 (perfect square) compared to the more spread-out circu-
larity distribution for CsPbI3 NCs synthesized with an Rp of  
9 (Figure  5B). This result is complimented with the trend 

Figure 5.  A) TEM images representing the CsPbI3 NC populations at Rp values of 2.25 and 9, and temperatures of 130, 150, 165, and 180 °C at τr = 4 s. 
Histogram plots acquired from the TEM images, showing the relative frequency of the CsPbI3 NCs in terms of B) circularity and C) short side length. 
The top and bottom panels represent different Rp values (2.25 and 9, respectively). The histogram columns are color-coded, based on the reaction 
temperature, similar to the color scheme presented in panel (A).
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www.afm-journal.dewww.advancedsciencenews.com

2108687  (8 of 13) © 2021 Wiley-VCH GmbH

shown in Figure 5C, where the majority of the CsPbI3 NCs syn-
thesized at Rp of 2.25 has a short edge length of ≈10–12 nm, that 
is in agreement with the average size of CsPbI3 NCubes,[1,20] 
while Rp of 9 exhibited a more spread out NPL population with 
different thicknesses. CsPbI3 NCs synthesized at a lower resi-
dence time of 0.6 s follow a similar pattern at the two extreme 
values of Rp (see Figure S10, Supporting Information). Fur-
ther investigation of the CsPbI3 NCs synthesized at different 
residence times (0.6 s vs 4 s, Figure 5; Figure S10, Supporting 
Information) reveals that longer reaction times in flow lead to a 
narrower population distribution and larger NCs.

It is interesting to note that CsPbI3 NC populations with 
different dominant short side lengths (>6 nm) display similar 
PL peak wavelengths (Figure  5A; Figures S7,S8, Supporting 
Information). This finding can be explained by the weakening 
of the quantum confinement effect that occurs when the size 
of the NCs approaches the Bohr radius where a change in the 
NC size has less impact on the emission energy.[1,45] A similar 
trend has previously been observed for CsPbI3 NPLs, where 
the NPLs with a minimum monolayer thickness of 10 (corre-
sponding to a short side length of 6 nm) had similar emission 
energies.[20]

In the next set of experiments, we studied the apparent reac-
tion rate (k)—to better understand the formation of CsPbI3 NCs 
via the HI synthetic route—through temporal monitoring of the 
CsPbI3 NCs absorbance at 475  nm (Abs475) as a concentration 

proxy at different reaction temperatures. It should be noted that 
τr of 16 s was excluded from the k estimation because of the 
aforementioned size defocusing stage[46] (see Note S9, Figure 
S11, Table S4, Supporting Information for details of k calcula-
tions). Figure S11, Supporting Information shows the temporal 
concentration evolution of CsPbI3 NCs synthesized at different 
Rp and reaction temperatures in the flow reactor. The NC growth 
behavior exhibits increased linearity as Rp increases and tem-
perature decreases. Using the estimated apparent reaction rates, 
we calculated the activation energy (Ea) of the overall CsPbI3 NC 
formation reaction using the Arrhenius equation.[47,48] Figure 6A  
presents an interesting behavior for the estimated apparent 
CsPbI3 NC formation kinetics as a function of the reaction tem-
perature with an inflection point at 150  °C. Non-linear Arrhe-
nius behavior indicates a change in the reaction mechanism or 
the rate limiting step.[47,49] Ea values, derived from the Arrhenius 
plots for the two linear regions of the plot shown in Figure 6A 
(i.e., high temperature zone: 150–180  °C; low temperature 
zone: 110–150  °C), are presented in Figure  6B. The difference 
in the formation mechanism of CsPbI3 NCs synthesized at low 
and high temperature regions is illustrated by the opposing Ea 
behavior in Figure  6B, where Rp of 1.63 has the highest Ea at 
low temperatures and the lowest Ea at high temperatures. Next, 
we coupled the data from the Arrhenius equation with the loga-
rithmic form of the Eyring equation,[50] to gain deeper insights 
into the entropy (ΔS) and enthalpy (ΔH) of the CsPbI3 NC 

Figure 6.  A) Arrhenius plot for all Rp values tested in this study, illustrating an inflection point at 150 °C. B) The calculated values of Ea and ΔS around 
the inflection point for the low (110–150 °C) and high (150–180 °C) temperature regions as a function of Rp. C) A schematic summarizing the factors 
affecting the formation of CsPbI3 NCs.
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formation at different temperatures (see Note S9, Figure S12, 
Table S5, Supporting Information). The Eyring plot (Figure S12, 
Supporting Information) illustrates a similar behavior to that of 
the Arrhenius plot shown in Figure 6A. The calculated values of 
ΔS for different Rp values are presented in Figure 6B. At low Rp 
conditions (<4.5), the additional participating Cs+ ions present 
in the reaction mixture increases the overall amount of the reac-
tive species relative to higher Rp conditions (≥4.5), resulting in 
an increase of the overall starting entropy of the system. The 
low reaction temperatures do not provide sufficient energy to 
overcome the entropy barrier of CsPbI3 NC formation at low RP 
values. This result explains why higher Rp values (4.5 and 9) are 
more thermodynamically favorable at lower reaction tempera-
tures. The negative ΔS imposes a lower energy cost and reduces 
the NC formation energy barrier. However, once the provided 
energy to the flow reactor increases beyond the deflection point 
(>150 °C), it facilitates overcoming the entropy constraint of the 
CsPbI3 NC formation.

Before discussing a proposed formation mechanism for col-
loidal CsPbI3 NCs, two important factors should be considered. 
The first point involves the role of the surface ligands that are 
a vital part of the CsPbI3 NC synthesis. Oleylamine (OAm) and 
OA undergo a reversible exothermic chemical reaction when 
they are added into the NC precursor solution and the resulting 
protonation of OAm leads to the formation of oleylammonium 
ions.[26] Oleylammonium ions have been demonstrated to com-
pete with Cs+ ions on the CsPbX3 NC surface,[26,51] and inhibit 
the NC growth on the surface they attach to, thereby resulting 
in an anisotropic NC growth.[24,26,28,29] Additionally, the pres-
ence of oleylammonium and carboxylate species is important 
for the dissolution of the lead halide salt in the solvent,[26] 
which explains the inverse solubility behavior that lead halide 
salts undergo past 180 °C (defining the upper reaction tempera-
ture limit used in this study).[5] The other important factor to 
note is that the formation barrier of an oleylammonium ion 
layer on the surface of NCs is lower than the formation barrier 
of CsPbI3.[24]

The formation of CsPbI3 NPLs versus NCubes is determined 
by the competition between the formation and availability of 
the oleylammonium ions and CsPbI3 monomers (Figure  6C). 
At low reaction temperatures, the formation of oleylammonium 
ions is the dominant phenomena, which significantly increases 
the probability of oleylammonium ions attaching on the NC 
surface instead of Cs+ ions. The rapid oleylammonium attach-
ment to the surface of CsPbI3 NCs prevents the isotropic NC 
growth, leading to the formation of NPLs. Higher Rp values are 
thermodynamically favored in this growth regime, due to the 
lower energy requirements (lower Ea and negative ΔS) associ-
ated with these synthesis conditions (Figure 6B). In this regime 
(low reaction temperatures), low values of Rp incurs a higher 
energy demand associated with the increased number of avail-
able monomers which increases the overall starting entropy of 
the system. As the reaction temperature increases, the forma-
tion rate and concentration of oleylammonium ions decrease 
due to the exothermic nature of oleylammonium ion formation. 
The declining availability of the oleylammonium ions in the 
reaction mixture coupled with the increased energy provided 
to the system, facilitates monomers overcoming the entropy 
barrier and decreases the probability of oleylammonium ions 

attaching onto the NC surface, resulting in an increased NC 
growth (thicker NPLs, Figure  6C). As mentioned earlier, the 
presence of oleylammonium and carboxylate ions is vital for 
the solubility of PbI2. Once the reaction temperature passes 
150 °C, the reduced solubility of PbI2 results in a lower super-
saturation threshold which increases both the rate and extent 
of CsPbI3 NC formation in the reaction mixture. The decrease 
in the supersaturation threshold becomes the dominant phe-
nomena for the formation of CsPbI3 NCs in this regime, where 
the increased formation rate and energy coupled with the 
reduced availability of oleylammonium ions promote the for-
mation of thicker NPLs and NCubes at high and low Rp values, 
respectively. This proposed CsPbI3 NC formation mechanism 
further explains the size increase and focusing observed as τr 
increases from 0.6 to 4 s. Increasing the reaction time results in 
an additional flux of energy to the reaction mixture and reduces 
the available oleylammonium ions in the reaction mixture. The 
reduced concentration of oleylammonium ions in the solution 
promotes their desorption from the NC surface which leads 
to the dissociation of the smaller NCs and the re-initiation of 
growth on the surface of the larger NCs (i.e., defocusing and 
Ostwald ripening).

To provide further insights into the proposed CsPbI3 NC 
formation mechanism, we investigated the effect of available 
ligands (OA and OAm) present in the PbI2 precursor on the 
formation mechanism of CsPbI3 NCs by varying i) the OA to 
OAm ratio, and ii) the solvent (ODE) to the total ligand ratio. 
Tuning the OA to OAm ratio controls the concentration of 
oleylammonium ions, while changing the ODE to ligand ratio 
affects the monomer supersaturation threshold. Figure S13, 
Supporting Information shows that increasing the OA to OAm 
ratio increases the tendency of NPL formation in the CsPbI3 NC 
population due to an increased OAm protonation (i.e., higher 
concentration of oleylammonium ions),[26] that is in agreement 
with our proposed mechanism. Figure S14, Supporting Infor-
mation provides additional validation to the proposed CsPbI3 
NC formation mechanism; higher ODE to ligand ratios (i.e., 
a lower total available OA and OAm ligands, hence lower con-
centration of oleylammonium ions) result in a decrease in the 
monomer supersaturation threshold due to the decrease in the 
PbI2 solubility. The lower NC nucleation threshold results in an 
uncontrolled nucleation event, thereby increasing the polydis-
persity of the resultant NC population. In contrast, decreasing 
the ODE to ligand ratio increases the PbI2 solubility in the reac-
tion mixture, resulting in an increase in the monomer super-
saturation threshold, confirmed by no CsPbI3 NC formation 
until the reaction temperature of 165 °C.

The proposed CsPbI3 NC formation mechanism provides 
a detailed framework for the flow synthesis of high-quality 
CsPbI3 NCs with a controlled morphology (NPLs vs NCubes). 
The synthesis of a monodispersed NCube population of CsPbI3 
is readily achieved at the reaction temperature range of 150–
165  °C and the Rp values ranging 2.25–3. However, NPL syn-
thesis is preferred at the low temperature range (110–130  °C) 
and high Rp values (4.5–9), where increasing the temperature 
in this reaction space results in formation of NPLs with an 
increased average thickness.

The fast formation kinetics of HI synthesis of CsPbI3 NCs, 
in addition to challenges associated with their fundamental 
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mechanistic studies, poses a major limitation on the ability to 
scale-up their production in a batch reactor (Figure 1). The irre-
producible and variable mixing/heat transfer rates as the batch 
reactor size increases can significantly alter the NC formation 
kinetics and pathways, thus affecting the size- and morphology-
dependent optical and optoelectronic properties of CsPbI3 
NCs (Figure  1). In-flow NC synthesis strategies, on the other 
hand, do not suffer from the same issues as the batch reactors. 
Increasing the production throughput in a continuous flow 
reactor can be achieved either through increasing the collection 
time or scaling out the system by parallelization,[52–54] without 
altering the mixing and heat transfer dynamics and microre-
action environment. It should also be noted that the fast for-
mation kinetics of CsPbI3 NCs coupled with the enhanced 
heat and mass transfer rates of the flow reactors suggest that 
the optimal NC synthesis protocol and product characteristics, 
obtained using the developed flow synthesis strategy, cannot be 
directly transferred to flask-based synthetic methods. To illus-
trate this point, a set of experiments was conducted to show-
case the difference between the flow- versus flask-based HI syn-
thesis of CsPbI3 NCs in terms of the reaction scale and the NC 
properties. Two target product volumes (10 mL vs 100 mL) were 
selected to illustrate the role of batch reactor volume on the NC 
properties. The product output for the HI synthesis conducted 
in the flow reactor was increased by extending the collection 
time, where the 10 and 100  mL of the collected CsPbI3 NC 
solutions corresponded to 10 and 100  min of the continuous 

collection, respectively. The product output of the batch reactor 
was increased by changing the reaction vessel size from a 100 
to 250 mL flask size for the 10 and 100 mL synthesis of CsPbI3 
NCs, respectively. The reaction conditions selected for these 
experiments were adopted from the previous flow screening 
experiments (for details of the synthesis conditions see Note 
S12, Supporting Information). Figure 7A demonstrates the con-
sistency and reliability of the HI synthesis of CsPbI3 NCs in 
the developed modular flow reactor. The continuous flow syn-
thesis of CsPbI3 NCs in the flow reactor over 100 min achieved 
a 0.03%, 1.03%, and 1.76% variation in their λem, FWHM, and 
concentration, respectively. The flask-based HI synthesis of 
CsPbI3 NCs, using the same precursors and synthesis condi-
tions used for the continuous flow experiments (Figure  7A), 
resulted in different NC morphologies and optical properties 
than the flow reactor, and inconsistent product for different vol-
umes of the batch reactors (Figure 7B,C).

The results presented in Figure  7B,C demonstrate the sig-
nificant impact of the reaction environment (heat and mass 
transfer rates) and the batch reactor volume on the colloidal 
synthesis of CsPbI3 NCs, and thereby their resulting size- and 
morphology-dependent optical and optoelectronic properties. 
The PL and UV–vis absorption spectra of the CsPbI3 NCs for 
the two reaction volumes synthesized using the batch HI syn-
thesis technique were vastly different, while the NCs synthe-
sized using the in-flow HI synthetic route, developed in this 
work, were identical for the 10 and 100 mL reaction scales. The 

Figure 7.  Flow versus batch HI synthesis of CsPbI3 NCs. A) Continuous flow HI synthesis of CsPbI3 NCs over 100 min, illustrating the consistency of 
absorbance at 475 nm (concentration proxy), peak wavelength (λem), and full width at half maximum (FWHM) at 5-min intervals. B) Normalized PL 
and UV–vis absorption spectra of 10 and 100 mL CsPbI3 NC samples synthesized using the HI synthetic route in batch and flow reactors. C) Washed 
CsPbI3 NC samples synthesized using the flask and flow reactors, under ambient light (left panel) and UV illumination (right panel). Synthesis condi-
tions: [PbI2] = 9 mm, [Cs] = 2 mm, Rp = 2.25, τr = 4 s, and the volumetric injection ratio was 1:1. The NC washing method used is described in Note 
S5, Supporting Information.
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optical properties disparity of CsPbI3 NCs synthesized using 
the batch and flow synthesis methods (Figure 7B,C), under sim-
ilar experimental conditions (1:1 volumetric ratio of Cs and PbI2 
precursors), clearly demonstrates that the NC synthesis condi-
tions optimized for the flow synthesis of colloidal NCs with fast 
formation kinetics under a 1:1 volumetric ratio are not directly 
interchangeable with batch synthesis methods.

Next, we investigated adoption of a batch-optimized CsPbI3 
NC synthesis condition by the developed modular flow chem-
istry platform. The CsPbI3 NC synthesis protocol used for this 
test was adopted from the batch-optimized synthesis tech-
niques developed for CsPbI3 NC-based solar cells.[7,17] The 
volumetric injection ratio of the PbI2 to Cs precursors in the 
batch-optimized HI synthesis of CsPbI3 NCs is typically higher 
than 1:1, due to the poor mixing and heat transfer dynamics 
of batch reactors at 1:1 volumetric ratios—as evidenced by the 
results shown in Figure  7B,C. A similar analysis of the batch 
versus flow synthesis of CsPbI3 NCs to that presented in 
Figure  7B was conducted for the PbI2:Cs volumetric ratio of 
7.5:1. The results of the batch versus flow synthesis of CsPbI3 
NCs using the batch-optimized reaction conditions for two dif-
ferent reaction scales are presented in Figure S15, Supporting 
Information. As shown in Figure S15, Supporting Information, 
the in-flow HI synthesis technique resulted in a reliable syn-
thesis of CsPbI3 NCs at two different reaction scales (10 mL vs 
100  mL) with optical characteristics identical to the NCs syn-
thesized using a small-scale batch reactor (10  mL). However, 
increasing the batch reaction vessel size resulted in a blue shift 
in the UV–vis absorption and PL spectra of CsPbI3 NCs com-
pared to the small-scale batch reactor (Figure S15, Supporting 
Information). These results demonstrate the compatibility of 
the developed modular flow reactor with batch-optimized reac-
tion conditions of LHP NCs, thus further promoting flow syn-
thesis strategies as a more versatile approach for fundamental 
and applied studies of LHP NCs.

The results presented in Figure 7 and Figure S15, Supporting 
Information demonstrate the unique advantages of the devel-
oped fluidic NC synthesizer for the consistent and reliable con-
tinuous nanomanufacturing of CsPbI3 NCs for direct utiliza-
tion in next-generation energy technologies.

3. Conclusion

In summary, we developed and utilized a modular flow syn-
thesis platform integrated with an in situ NC characterization 
module (UV–vis absorption and PL spectroscopy) for the time- 
and resource-efficient mechanistic investigations of the forma-
tion mechanism and kinetics of colloidal CsPbI3 NCs with a 
high degree of morphology and emission tunability. The fluidic 
NC synthesizer allowed us to accurately access early reaction 
time scales (<1 s) and, for the first time, reveal a complete pic-
ture of the dynamic nature of CsPbI3 NC morphologies synthe-
sized via the HI synthetic route. Utilizing the developed flow 
chemistry route, we rapidly investigated the effects of lead-
to-cesium ratio and reaction temperature on the morphology, 
kinetics, and emission properties of the in-flow synthesized 
CsPbI3 NCs and proposed a formation mechanism based on 
the competition between the formation and availability of the 

oleylammonium ions and CsPbI3 monomers. Low reaction 
temperatures (<150  °C) are dominated by the formation of 
oleylammonium ions leading to the formation of NPLs, while 
high reaction temperatures (>150 °C) result in the formation of 
NCubes, due to the diminished presence of oleylammonium 
ions and the decreased CsPbI3 supersaturation threshold.

In addition to the studies of the formation mechanism of 
colloidal CsPbI3 NCs, we demonstrated reliable and scalable 
continuous nanomanufacturing (4 s reaction time) of CsPbI3 
NCs for next-generation energy technologies, enabled by the in-
flow HI synthetic route presented in this work. The developed 
flow reactor can be readily adapted for nanomanufacturing of 
other metal halide perovskite NCs beyond CsPbI3, via in-flow 
HI technique. Further development and adoption of the in-flow 
HI NC synthesis strategy is expected to significantly accelerate 
development of optimal formulations and reduce the nanoman-
ufacturing cost of the emerging energy-relevant nanomaterials 
at a fraction of time and cost of currently utilized manual flask-
based experimentation techniques.

4. Experimental Section
Chemicals: All chemicals were used as received. OA (90%), OAm 

(70%), cesium carbonate (99.9%), lead (II) iodide (99%), and methyl 
acetate (99%) were purchased from Sigma Aldrich. Hexane and 
ethanol (70%) were purchased from Fisher Scientific. ODE (90%) and 
Rhodamine 6G (99%) were purchased from Acros Organics. PFO (HT-
200) was purchased from Galden.

CsPbI3 NC Synthesis: Colloidal synthesis of CsPbI3 NCs was adopted 
from Protesescu et al.[1] with minor modifications for adaptation with flow 
synthesis. Specifically, the precursor concentrations used in this study 
were reduced and modified to: i) allow for a volumetric injection ratio 
of 1:1 in the flow reactor, ii) achieve a cesium carbonate concentration 
that allowed the salt to remain in solution at room temperature, and iii) 
ensure that the CsPbI3 product concentration did not saturate the in situ 
measured UV–vis absorption spectra across the different experimental 
conditions.

Lead Iodide Precursor Preparation: PbI2 was prepared with a 
concentration of 9  mm for all experimental conditions tested in this 
study. Briefly, for the preparation of 48  mL of the PbI2 precursor, a 
mixture of ODE (40 mL), OA (4 mL), OAm (4 mL), and PbI2 (199 mg) 
were loaded into a 100 mL 3-neck round bottom flask. The solution was 
dried under vacuum for 1 h at 120  °C and then flushed with N2. The 
PbI2 precursor was then cooled down to room temperature, loaded into 
a 50 mL stainless steel syringe (KD scientific), and connected to the flow 
synthesis platform.

Cesium Precursor Preparation: Cs precursor was prepared with a 
concentration of 3 mm. As mentioned in the main manuscript, the lead-
to-cesium ratio (Rp) was changed to the desired synthesis condition by 
varying the Cs precursor concentration in flow with a solution of ODE 
and OA (with a volumetric ratio of 16:1). Briefly, for the preparation 
of 20  mL of the Cs precursor, a mixture of ODE (18.824  mL), OA 
(1.176 mL), and cesium carbonate (19.55 mg) were loaded into a 100 mL 
3-neck round bottom flask. The solution was dried under vacuum for 1 h 
at 120 °C and then flushed with N2. The prepared Cs precursor was then 
cooled down to room temperature, loaded into a 20 mL stainless steel 
syringe (KD scientific), and connected to the flow synthesis platform.

Flow Screening Conditions: The main flow screening experiments of this 
work revolved around CsPbI3 HI reactions and the parameters explored 
were: temperature (110, 130, 150, 165, and 180 °C), Rp (1.63, 2.25, 3, 4.5, 
and 9), and τr (0.6, 1, 4, and 16 s). It is worth to note that the desired Rp 
was attained by keeping the concentration of the lead iodide precursor 
constant while changing the concentration of the Cs precursor, and the 
desired τr values were varied by changing the reactor length. τr values of 
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0.6 and 1 s were chosen to access early timescales, 4 s as the time that 
was reported for the completion of CsPbI3 synthesis.[35] 16 s was chosen 
to observe the effect of extended reaction times on CsPbI3 NCs.

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