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1. Introduction

Solution-processed organic,[1–3] metallic,[4–6] and semicon-
ductor[7,8] nanomaterials, possess unique size-related physico-
chemical, optical, magnetic, and electronic properties. These 
materials have enabled groundbreaking advancements in a 
variety of applications including catalysis,[9–11] drug delivery,[12,13] 
data storage,[14] and solar cells.[15] Different nucleation  
and growth models such as LaMer burst nucleation,[16] Ostwald 
ripening,[17] Finke–Watzky two-step mechanism,[18] orientated 
attachment,[19] and coalescence[20] have attempted to explain 
the mechanisms through which nanoparticles are formed in 

In recent years, microfluidic technologies have emerged as a powerful 
approach for the advanced synthesis and rapid optimization of various 
solution-processed nanomaterials, including semiconductor quantum dots 
and nanoplatelets, and metal plasmonic and reticular framework nanoparti-
cles. These fluidic systems offer access to previously unattainable measure-
ments and synthesis conditions at unparalleled efficiencies and sampling 
rates. Despite these advantages, microfluidic systems have yet to be exten-
sively adopted by the colloidal nanomaterial community. To help bridge the 
gap, this progress report details the basic principles of microfluidic reactor 
design and performance, as well as the current state of online diagnostics 
and autonomous robotic experimentation strategies, toward the size, shape, 
and composition-controlled synthesis of various colloidal nanomaterials. By 
discussing the application of fluidic platforms in recent high-priority colloidal 
nanomaterial studies and their potential for integration with rapidly emerging 
artificial intelligence-based decision-making strategies, this report seeks 
to encourage interdisciplinary collaborations between microfluidic reactor 
engineers and colloidal nanomaterial chemists. Full convergence of these two 
research efforts offers significantly expedited and enhanced nanomaterial 
discovery, optimization, and manufacturing.

solution. Although it is generally accepted 
that solution-phase synthesis of colloidal 
nanoparticles follows a nucleation and 
growth mechanism, the key parameters 
controlling nanoparticle size, size distribu-
tion, morphology, and properties are still 
not well-understood. Prior studies suggest 
that the degree of supersaturation, surface 
energy, reaction temperature, and reaction 
time significantly impact the nanoparticle 
nucleation and growth kinetics.[7,8,21–23] 
However, the flask reactors most often 
implemented in colloidal nanomaterial 
synthesis studies—are unable to alter the 
rate of these effects to the extent necessary 
for systematic control. The development 
of most solution-processed nanomaterial 
syntheses is, therefore, hindered by the 
limitations of the techniques utilized to 
synthesize and characterize them.

Microfluidic reactors, due to their 
inherently fast mass and heat transfer 
rates and material consumption superi-
ority over batch reactors, have become 
a burgeoning frontier for advanced col-
loidal nanomaterial synthesis. Neverthe-

less, compared to other fields such as genomics,[24] organic 
synthesis,[25] and biomedicine,[26,27] the use of microfluidic 
reactors for colloidal nanomaterial synthesis is in a relative 
infancy. This disparity may be attributed to previous limitations 
of microfluidic reactors, such as the complex microfabrication 
of fluidic devices[28–32] amenable to inorganic synthesis reac-
tions. However, over the past five years a growing number of 
readily accessible, reconfigurable, and application-ready fluidic 
technologies, such as tube-based flow reactors, have success-
fully been demonstrated for the controlled synthesis of high-
quality colloidal semiconductor nanocrystals[33–35] and various 
other nanomaterials.[36,37] Considering the growing availability 
of low-cost and highly versatile modular microfluidic reactors, 
colloidal nanomaterial synthesis is approaching a paradigm 
shift toward flow synthesis for accelerated fundamental and 
applied studies and the sophisticated synthesis of next-genera-
tion advanced functional nanomaterials.

Most colloidal nanomaterials exhibit structure,[10,38] size,[39–41] 
and composition-dependent[42] properties which dictate their 
application and downstream performance characteristics. 
These effects have been widely documented and summarized 
in a collection of existing review articles,[43,44] and separate 
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publications have effectively summarized the basic principles 
governing microfluidic devices.[45–48]

This progress report presents an overview of recent research 
efforts focused on controlled and accelerated flow synthesis 
of colloidal nanomaterials. We provide a foundational frame-
work necessary for the facile adoption of flow-based colloidal 
synthesis strategies toward accelerated synthesis, online moni-
toring, and controlling (i) size, (ii) shape and structure, and (iii) 
composition of nanomaterials across a broad range of colloidal 
nanomaterial syntheses (Figure 1). In addition, we discuss 
recent developments in utilization of microfluidic reactors for 
colloidal nanomaterial synthesis automation and optimization 
and their implications in future accelerated nanomaterial devel-
opment studies by converging with rapidly emerging artificial 
intelligence (AI)-based decision-making strategies. Finally, we 
discuss the current opportunities and prospects of flow tech-
nologies in alleviating labor-and material-intensive experimen-
tation for process–structure–property mapping of advanced 
functional nanomaterials.

2. Colloidal Nanomaterial Synthesis:  
Batch versus Flow
Advantages of microfluidic reactors can be understood by 
comparing the physics of their characteristic mass/heat trans-
port length scale to their macroscale analogs.[49] Specifically, 
at micro/millifluidic characteristic length scales, the following 
surface effects dominate over volumetric effects: First, in micro-
reactors, viscous forces dominate over inertial forces, and flow 
exists in a laminar regime (i.e., Reynolds number, Re < 2000). 
Fluidic mixing in the laminar flow regime is primarily by 
molecular diffusion, which simplifies analysis and control of 
molecular transport.[50] Second, interfacial tension and capillary 
forces dominate over gravitational forces. This phenomenon 
has been exploited in microfluidics for the fabrication of 

microscale separation systems[51] as well as droplet genera-
tion.[52–54] Finally, the significantly higher surface-to-volume 
ratio of micro/millifluidic reactors compared to macroscale 
reactors results in superior mass and heat-transfer rates (pro-
cess intensification). Enhanced transport rates reduce the 
spatiotemporal variability of reactor conditions, and therefore 
allow for an ideal reaction environment for nanomaterial syn-
theses with exceptional control and reproducibility. In addition, 
enhanced transport rates increase reaction rates and thereby 
increase the time and material efficiency of microfluidic sys-
tems. Since low active (i.e., heated and pressurized) reactor 
volumes (<1 mL) may be achieved without sacrificing overall 
colloidal synthesis throughput, microfluidic reactors are viable 
“safer by design” options for the controlled synthesis, optimiza-
tion, and end-to-end manufacturing of colloidal nanostructures 
which require hazardous reactants.

2.1. Single and Multiphase Flow Nanomaterial Synthesis

The most conventional configuration of microfluidic reactors 
is single-phase flow synthesis (Figure  1A), which is operated 
under a laminar flow regime, thereby resulting in a highly pre-
dictable and well-controlled flow format. An additional benefit 
of single-phase flow reactors is that reagents downstream can 
be easily added for multistep nanomaterial synthesis. However, 
single-phase microfluidic synthesis strategies suffer from spe-
cific drawbacks that can limit their application in the synthesis 
of high-quality nanomaterials. Due to their parabolic velocity 
profile, laminar flow reactors have nonuniform residence time 
distributions that may result in variegated nanomaterial proper-
ties for a given flow synthesis condition. An effective approach 
to the concentration and velocity variations encountered in 
single-phase flow is multiphase segmented flow (droplet or 
slug flow), depicted in Figure  1A. Depending on interfacial 
forces, viscous forces, and inertial forces, other multiphase 
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Figure 1. A) Illustration of single-phase (continuous) and various multiphase flow regimes which may be used for controlled synthesis of colloidal 
nanomaterials. G: Gas, L: Liquid. B) Illustration representing online sampling techniques which can be performed at a fix point or moved along a 
reactor length, corresponding to different residence (reaction) times (tn). C) Overview of the currently available online nanomaterial characterization 
techniques integrated with microfluid reactors, organized by the colloidal nanomaterial properties they have been used to monitor.
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flow formats may be formed apart from segmented flow, such 
as stratified[55] and core-annular flow.[56] However, because of 
their demonstrated benefits in controlled colloidal nanomate-
rials synthesis, in this report, we focus on the application of 
segmented flow synthesis strategies.

Two-phase flow microreactors are among the most exten-
sively studied flow systems and may be classified as (immis-
cible) liquid-liquid (L-L) or gas-liquid (G-L) flow formats.[57] 
For the case of L-L two-phase flow, the continuous phase is the 
phase that preferentially wets the microreactor wall. In G-L sys-
tems, liquid slugs are separated by discrete gas phases. In L-L 
and G-L segmented flow systems, recirculating flow patterns 
inside droplets or slugs (Figure 1A) is caused by the shear force 
from the continuous phase or microreactor channel, respec-
tively.[58–60] This recirculating flow enhances mixing by reducing 
the effective diffusion pathlength within dispersed phase (i.e., 
slugs or droplets), leading to a more homogeneous reaction 
environment and resulting nanomaterial properties. With two-
phase flow systems, both phases may also serve as reactants. 
In this case, the fast mass transport facilitated by internal flow 
circulations can enhance the reaction rates beyond the capacity 
of batch systems. As we will detail in this report, interfacial 
mass transport dynamics in immiscible reactive systems may 
be exploited to obtain precise nanomaterial properties.

Beyond enhanced efficiency, microfluidic platforms pre-
sent their greatest advantage in the facile ability to access and 
decouple large reaction parameter spaces, i.e., through the 
precise control of residence (reaction) time, rate of mixing, 
and precursor composition and concentration. Noninvasive, 
online nanomaterial characterization techniques may be used 
to characterize such high-dimension parameter spaces and 
provide information at reaction times on the order of milli-
seconds.[48] Residence (reaction) time studies may be per-
formed using online characterization techniques by changing 
the total flow rate and maintaining the sampling point con-
stant, or by changing the sampling point along the length of 
the reactor (Figure 1B).[61] Online monitoring capabilities which 
have been used to monitor size, shape, and composition of 
colloidal nanomaterials in flow are summarized in Figure  1C. 
X-ray scattering, photoluminescence (PL) spectroscopy, UV–vis 
absorption (Abs) spectroscopy, and X-ray absorption spectros-
copy (XAS) have been used for online characterization of col-
loidal nanomaterials synthesized in flow and will be discussed 
in more detail. Dynamic light scattering (DLS) and infrared 
spectroscopy (IR), although both have successfully been inte-
grated with microfluidic reactors, have not been applied as 
extensively due to several limitations.[62,63] For DLS-based nano-
material size measurements on pressure-driven flow, relatively 
low shear rates are required which are difficult to predict due 
to complex dependencies on experimental setups.[62] Transmis-
sion IR techniques require transparent sampling ports in the 
microreactor and can suffer from signal-to-noise issues from 
absorbing fluids. Another IR approach, attenuated total reflec-
tion (ATR) IR, can only sample near the ATR crystal surface 
which can become contaminated due to fouling.[63] Despite 
these challenges, advancements in micro/millifluidic reactor 
designs and IR absorption enhancement techniques make DLS 
and IR characterization promising tools for online monitoring 
of fluidic colloidal nanomaterial syntheses.[64] In addition to 

Abs and PL spectroscopy, the relatively low acquisition times of 
DLS and IR characterization techniques make them promising 
online nanomaterial characterization techniques for autono-
mous nanomaterial synthesis and optimization.

The integration of device automation strategies has been 
shown to extend the capacity of microfluidic platforms to high-
throughput user-assisted experimentation. Furthermore, fully 
automated microfluidic synthesis reactors have been integrated 
with data science and AI-based decision-making algorithms to 
achieve self-optimizing nanomaterial synthesis platforms.[65] 
Employing such self-driven colloidal nanomaterial synthesis 
reactors, high-quality nanomaterials has been successfully 
synthesized through the rapid, unattended optimization of 
colloidal synthesis parameters.[65] Microfluidic reactors, there-
fore, have the means to control, isolate, and optimize synthesis 
properties for different classes of colloidal nanomaterials (e.g., 
semiconductor nanocrystals, metal, and metal oxides) with 
efficiency, control, and uniformity unattainable through batch 
systems.

2.2. Microreactor Design for Controlled Nanomaterial Synthesis

The two dominate microreactor designs used for micro/milli-
fluidic synthesis of colloidal nanomaterials are microfabricated 
and tube-based microreactors. When selecting which micro-
reactor to use, primary considerations should be application, 
chemical compatibility, temperature and pressure resistance, 
and the balance between the intricacy of microreactor design 
and fabrication. Microfabricated microreactors, compared to 
their tubular counterparts, have a high capacity for specializa-
tion.[66–68] Advanced microchannel configurations, online moni-
toring capability, small microreactor footprints, and low system 
volumes are among the traits that contribute to their diverse 
functionalities. Polydimethylsiloxane (PDMS) microreactors 
can be made with complex microchannel geometries via photo-
lithography, soft lithography, and print-and-peel methods.[69] 
However, PDMS has limited mechanical strength and chemical 
compatibility. In addition, PDMS has poor thermal conductivity, 
making heated PDMS microreactors susceptible to hotspots. 
Improved thermal conductivity and chemical compatibility can 
be obtained with silicon-based microreactors, which are often 
used with a transparent substrate (e.g., glass) for optical access.

Enabled by reactive etching (wet or dry), advanced micro-
channel configurations in silicon-pyrex microreactors have 
been developed to separate temperature zones in a single 
microreactor which can accommodate 1.5 m of microchannel 
length in a footprint with dimensions on the order of centim-
eters (Figure 2A).[70] Recently, transparent glass microreactors 
with advanced microchannel configurations for optimized heat 
and mass transfer have also been introduced commercially and 
used in production scale photochemical reactions. Corning's 
Advanced-Flow G3 photoreactor, depicted in Figure  2B, has 
recently been utilized for the photochemical synthesis of Au 
nanoparticles at production scale (≈360 L of aqueous Au nano-
particles a day), providing an alternative to high-temperature 
reduction reactions.[71,72]

Despite the advantages of microfabricated reactors, advanced 
high-resolution fabrication techniques can pose a notable 
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barrier to inexperienced users as they often entail precise 
etching, thermoforming, or channel casting. In addition, cur-
rent chip-based designs inhibit reconfiguration, making reactor 
prototyping and design exploration labor and cost-intensive 
endeavors. In response to these limitations, tube-based and 
plug-and-play flow systems have recently risen in popularity as 
facile, low-cost alternatives for controlled synthesis of colloidal 
nanomaterials.[61,73]

Tube-based flow reactors capitalize on commercially available 
fluoropolymer and metal tubing (Figure 2C,D, respectively) in 
combination with both custom and off-the-shell fluidic junc-
tions and accessories.[34,65] In addition, glass capillaries can be 
used in conjunction with polymer tubing for droplet forma-
tion via flow focusing, as shown in Figure  2E.[74] These sys-
tems may be assembled and repaired at a rate unattainable in 
microfabricated reactors and are compatible with a wide range 
of solvents without the need for additional surface modification 
(such as the formation of an oxide layer on patterned silicon 

microreactors). While tubular reactors are behind in certain 
capacities compared to microfabricated reactors, there is a 
growing collection of modular components for tube-based col-
loidal syntheses, with applications ranging from online spectral 
monitoring to passive micromixing.[75]

Similar to capillary tubing, additive manufacturing strat-
egies which may be used for microreactor fabrication have 
become commercially available and cost-effective. Additive 
manufacturing techniques can provide the small footprints 
and advanced microchannel configurations of lithography-
based microfabrication strategies with less complicated fab-
rication steps. For example, a 3D-printed microreactor with 
a 1.5 mm microchannel diameter was recently manufactured 
using a desktop 3D printer with 0.05 mm layer resolution for 
the continuous flow synthesis of organometal halide perov-
skite nanocrystals (Figure  2F).[76] In addition to microreactor 
channels, functional microfluidic components, ranging from 
passive micromixers to pumps, can also be created through 

Adv. Mater. 2021, 33, 2004495

Figure 2. A) Photographs of silicon-pyrex microfabricated reactor with an insulating etched Si gap, from Marre et al., designed for high-temperature/
pressure reactions. Adapted with permission.[70] Copyright 2010, American Chemical Society. B) (I) Corning Advanced-Flow G3 microfabricated glass 
flow reactor module, detailed by Bianchi et al., and (II) schematic of the photoreactor flow synthesis platform for the production scale synthesis of 
Au nanoparticles. Adapted with permission.[71] Copyright 2020, Royal Society of Chemistry. C) FEP tube-based flow reactor incorporating an FEP tube 
braided (static) micromixer and commercially available fluidic junctions, from Epps et al. Adapted with permission.[65] Copyright 2020, Wiley-VCH.  
D) High-temperature stainless steel tubing and shell reactor, from Kumar et  al. Adapted with permission.[34] Copyright 2017, Wiley-VCH. E) Glass 
capillary and polytetrafluoroethylene (PTFE) droplet reactor, from Kumar et al. Adapted with Permission.[74] Copyright 2012, Royal Society of Chemistry.  
F) 3D-printed microreactor detailed in Li et al. Adapted with permission.[76] Copyright 2019, Royal Society of Chemistry.
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3D-printing. Furthermore, modular and reconfigurable micro-
fluidic systems have been demonstrated using 3D-printed 
microchannel components.[77–79] Regardless of the microreactor 
design, microscale fluidic platforms provide an adaptable, mod-
ular, and reconfigurable approach to reactor construction which 
can meet the physical/chemical demands of most nanomaterial 
syntheses.

3. In-Flow Size and Size Distribution Control  
of Colloidal Nanomaterials
Across the field of colloidal nanoscience, size plays a critical role 
in the properties (e.g., physicochemical, optoelectronic) of most 
nanomaterials. For example, within the extrinsic and intrinsic 
size effect regimes of noble metal nanoparticles, particle dimen-
sions strongly affect surface plasmon resonance peak energy 
and linewidth.[80,81] Similar to the intrinsic regime of metal nano-
particles, colloidal semiconductor materials with reduced size 
(on the order of the exciton Bohr radius) possess size-dependent 
optoelectronic properties due to quantum confinement effects. 
Nanocrystal size also affects mechanical and catalytic proper-
ties, such as shape memory behavior and turnover frequency 
of metal–organic framework (MOF) and metal-alloy nanocrys-
tals, respectively.[82,83] Because of the strong influence of size on 
nanomaterial properties, attaining highly monodisperse nano-
particle populations (i.e., minimum size polydispersity) is one 
of the key goals in the development of colloidal synthetic routes. 
Despite this requisite, most colloidal nanoscience research 
driven by flask-based synthesis techniques fail to control syn-
thesis conditions to the extent necessary to produce replicable 
and narrow nanomaterial size distributions. Variability in exper-
imentalists, equipment, and heat and mass transfer rates pose 
an obstacle to consistent colloidal synthesis results, specifically 
in colloidal syntheses with fast formation kinetics.

A limited understanding of early reaction time scales and 
restricted control of nucleation and growth mechanisms—i.e., 
monomer formation, diffusion to growth surface, reaction rate, 
ligand stabilization—may lead to large nanomaterial size dis-
tributions. In response to these limitations, recent efforts have 
leveraged the enhanced transport rates and reaction control 
offered by flow processes to synthesize size-tuned, monodis-
perse nanomaterials. These studies have utilized a wide range 
of online characterization methods developed for real-time 
monitoring nanomaterial size and polydispersity in microre-
actors. UV–vis absorption and PL spectroscopy are among the 
more common noninvasive online characterization techniques 
for optically active colloidal nanomaterials and may be con-
ducted using commercially available optical flow cells. Utilizing 
either absorption or PL spectroscopy, combined with the correct 
correlations or mass approximation models for a given nano-
material, the modal nanoparticle size and polydispersity may 
be extracted from online-obtained optical spectra.[84,85] More 
recently, alternative techniques such as XAS have been inte-
grated with microfluidic reactors. Coordination number and 
interatomic distances obtained by XAS may be used to obtain 
small (<5 nm) particle sizes for various structures through a 
number of methods, such as estimating particle diameter based 
off of the mean coordination number of outer shell atoms or 

by the reduction of metal–metal coordination numbers relative 
to the bulk.[86] Furthermore, photothermal spectroscopy tech-
niques, such as differential detection photothermal interferom-
etry (DDPI), have been used in flow to determine plasmonic 
nanoparticle size distributions from electrostatic approxima-
tions and Mie theory calculations.[87]

3.1. Multistage Microfluidic Reactors

Multistage microfluidic reactors with rapid heating and cooling 
rates have been demonstrated to be an effective tool for the con-
trolled synthesis of a wide range of colloidal nanomaterials (e.g., 
semiconductor quantum dots (QDs), noble metal nanoparticles) 
by either separating heating/cooling zones, the nucleation and 
growth stages, or by enabling continuous addition of chemical 
precursors during the microfluidic synthesis. Kumar et  al. uti-
lized a temperature-controlled stainless-steel flow reactor, for 
the controlled synthesis of cadmium selenide (CdSe) anisotropic 
nanoparticles and zinc selenide (ZnSe) nanorods.[34] The heating 
rate of the stainless-steel flow reactor (through heat transfer 
simulation) was reported to be 245 °C s−1, a rate which signifi-
cantly surpasses the capabilities of analogous flask systems. The 
heated stainless-steel flow reactor was immediately followed 
by a microchannel cooling section, which was designed to rap-
idly quench the synthesized nanoparticles to control the size 
and polydispersity of the in-flow synthesized nanomaterials. 
The precise control over reaction temperature and residence 
time was used to rapidly determine the optimal parameters for 
nanorod ripening and produce nanorods with a width variance 
of 16%, improving upon the 30% variance of batch syntheses.

Other multistage microfluidic reactor designs have used 
sequential reagent injections into moving reactive phases for 
size-controlled, multistep colloidal nanomaterial syntheses. In 
droplet-based multistep flow syntheses, reagents can be incor-
porated downstream either by droplet fusion[88] or direct injec-
tion into a preformed droplet.[89] In L-L droplet microfluidic 
reactors, employing droplet fusion and direct injection requires 
complex microreactor designs and strict flow stability, both 
drawbacks to facile multistep synthesis. These drawbacks have 
been overcome by the introduction of a three-phase (liquid-
liquid-gas) flow format.[90] In the three-phase flow synthesis 
platform presented by Nightingale et al., reactive phase reagents 
were continuously flown via a T-junction into a three-phase 
segmented stream consisting of a carrier phase, droplet phase, 
and gas phase.[90] Within this type of flow regime, when the 
carrier fluid volume is too small to accommodate new droplet 
formation, it is energetically favorable for the injected droplet 
phase to add to the preexisting droplet rather than increase the 
interfacial surface area by breaking up a gas slug.[89,90] There-
fore, the use of a gas phase not only created uniformly spaced 
droplets but also suppressed the formation of new droplets and 
improved droplet-flow stability. These advantages were con-
firmed by calorimetric analysis of two-phase versus three-phase 
reagent additions. Calorimetric analysis was also used to deter-
mine the stable flow rate range of the droplet addition streams, 
demonstrating a simple high-throughput method to screen flow 
synthesis parameter effects on droplet size and reagent mixing. 
Viability of the multistage injection strategy toward multistep 
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colloidal syntheses was demonstrated through the multistep 
colloidal synthesis of CdSe QDs. The developed microfluidic 
reactor consisted of an initial heating stage to initiate nuclea-
tion (233 °C) followed by four heating stages to promote con-
tinuous growth after additional reagent injections (200 °C), as 
shown in Figure 3AI. By incorporating flow cells with online 
PL spectroscopy after each microreactor stage, the growth of 
CdSe QDs was compared between single-stage and multistage 
injections for the same total available reagents (Figure 3AII). In 
the multistage system, larger CdSe QDs were able to be formed 
because of a lower number of initially nucleated particles. As a 
result, the multistage microfluidic synthesis platform attained a 
range of tunable peak emission wavelengths 30 nm larger than 
single-injection microfluidic reactor.

3.2. Precursor Mixing Rate

While rapid precursor mixing rate is required when aiming 
to produce monodisperse nanomaterials, in ultrafast colloidal 
syntheses, tunable advection rate variations may be utilized 
to control nanomaterial size, and thereby their resulting size-
dependent properties, on-demand. In recent work by Epps 
et  al.,[75] the room-temperature, ligand-assisted reprecipita-
tion of cesium lead bromide (CsPbBr3) perovskite QDs was 
studied in a flow reactor capable of tuning precursor mixing 
rates as shown in Figure  3B. Since nucleation and growth 
stages occur at the same temperature in a room-temperature 
synthesis, high mixing rates are also necessary to combat inho-
mogeneous reactant concentrations and polydispersity. A static 
micromixer, comprised solely of off-the-shelf fluoropolymer 
tubing in a braided configuration, was used to attain tunable 
precursor mixing times spanning 0.053 to 7.3 s by varying the 

total average fluid velocity moving through the microchannel. 
In a braided tubing micromixer and other geometry-driven 
fluidic mixing strategies, the miscible fluids are combined at a 
faster rate than a straight microchannel due to the asymmetric 
variations in fluid momentum that produce chaotic motion.[91] 
The developed passive micromixer was integrated into a mate-
rial-efficient sampling microfluidic reactor, which enabled 
independent control over the mixing and colloidal synthesis 
times.[66] Utilizing the developed microscale flow synthesis plat-
form, mixing-controlled emission tunability of CsPbBr3 QDs 
spanning blue to green (2.4–2.6 eV) was demonstrated by solely 
varying fluid mixing rate. Shown in Figure 3C, similar results 
were obtained in a continuous flow system by simply varying 
the velocity in gas-liquid segmented flow.[61] Online UV–vis 
absorption and PL spectroscopy, among other nanocrystal 
population characterizations, were utilized to rapidly measure 
the peak emission energy and full-width at half-maximum of 
the in-flow synthesized inorganic metal halide perovskite QDs. 
Further application of such tunable advection rate strategies in 
studies of colloidal nanomaterials with fast formation kinetics 
could unlock both greater control and deeper understanding of 
mixing-controlled colloidal syntheses.

4. In-Flow Shape Control of Colloidal 
Nanomaterials
Similar to size, the shape of many nanomaterials influences 
their optical and catalytic properties. For example, the dipolar 
plasmon energy of gold (Au) nanoparticles will change with 
the degree of shape isotropy, even for comparable plasmon 
lengths.[92] Likewise, platinum (Pt) group nanocrystals with 
identical chemical compositions will have widely different 
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Figure 3. A) (I) Schematic of a five-stage microfluidic reactor utilizing a three-phase flow format developed by Nightingale et al. (II) PL peak emission 
of CdSe QDs synthesized in flow using a multistage microfluidic reactor compared to single-stage microreactor. (III) Photograph of direct injection 
and three-phase flow. Adapted under the terms of a Creative Commons Attribution 3.0 International License.[90] Copyright 2014, Macmillan Publishers 
Limited. B) (I) Schematic of an automated microfluidic platform presented by Epps et al. used to decouple precursor mixing times from total resi-
dence times in the synthesis of CsPbBr3 perovskite nanocrystals. (II) Online PL spectroscopy showed a dependence of nanocrystal size as a function 
of precursor mixing time. Adapted with permission.[75] Copyright 2020, The Royal Society of Chemistry. C) UV-illuminated FEP flow reactor used in the 
gas-liquid segmented flow synthesis of CsPbBr3 perovskite nanocrystals at three different flow velocities, from Epps et al. Adapted with permission.[61] 
Copyright 2017, The Royal Society of Chemistry.
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catalytic performances based on their morphology.[93] High 
index facet Pt structures, because of their availability of low 
coordination number sites, can outperform lower-index mor-
phology counterparts by up to an order or magnitude.[94]

Although the importance of colloidal nanomaterial geom-
etry was first recognized nearly three decades ago,[95] the 
application of high performance anisotropic colloidal nano-
materials, such as high-index faceted nanocrystals, has been 
hindered by the limitations of flask-based reactions. That is, 
a lack of kinetic control in batch colloidal synthesis protocols 
often results in low-quality seeds and nanocrystals.[96] In addi-
tion, due to the fast reaction kinetics and high index parameter 
space of colloidal nanocrystal growth, there is a need for greater 
mechanistic insight on controlling nanocrystal morphology. 
As a result, comprehensive studies relating colloidal synthesis 
parameters to structure evolution and optical properties have 
been elusive. Microfluidic colloidal synthesis routes have 
emerged as an effective way to systematically decouple several 
key parameters in the anisotropic growth patterns of colloidal 
inorganic nanomaterials. These parameters may be catego-
rized as the following: i) kinetic factors, including rate of reac-
tant diffusion and rate of reaction at the growth surface, which 
are both a function of precursor concentration, temperature, 
accessibility of the growth surface, and mixing; ii) thermody-
namic factors, such as the surface free energy of crystal facets, 
which may be changed with the addition of capping agents and 
adsorbates.

4.1. Single-Phase Flow

Precise control of synthesis parameters is especially important 
in colloidal nanomaterials which are formed through non-
classical nucleation routes intermediated by nonmolecular 
clusters.[97,98] For example, monodisperse colloidal indium 
phosphide (InP) QDs grown through nonclassical nucleation 
pathways require multiple stages to control the dissolution or 
coalescence of active nonmolecular species and subsequent 
nanocrystal ripening and growth. Furthermore, synthesizing 

InP core–shell heterostructures, as well as other core–shell 
nanomaterials, often requires the sequential addition of shell 
precursors to suppress secondary nucleation.[99] Because of 
these complex nucleation and growth pathways, the reliable 
colloidal synthesis of InP quantum heterostructures and their 
applications in next-generation optoelectronic devices requires 
the realization of precise multistep syntheses. Recently, micro-
fluidic reactors incorporating discrete reactor stages to control 
the primary steps of nonclassical growth have been demon-
strated. Baek et  al. introduced a high-pressure/temperature, 
single-phase microfluidic platform comprised of microfabri-
cated silicon/pyrex modules for controlled mixing, ageing, and 
growth stages of InP QDs, shown in Figure 4A panel I. Single-
phase flow allowed for the facile incorporation of six injections 
ports that sequentially introduced InP precursors in the InP 
growth stage. This multistage microfluidic reactor was then 
expanded to include shell growth stages for the continuous syn-
thesis of colloidal InP/CdS, InP/ZnS, InP/ZnSe, and core–shell 
QDs.[67] In the shell growth microreactor modules, the shell pre-
cursor stream was divided among ten subchannels to decrease 
shell precursor concentrations, thereby suppressing secondary 
nucleation of CdS, ZnS, and ZnSe without reducing the syn-
thesis throughput. In addition to sequential reactant addition, 
synthesis control was enhanced by changing the temperature 
profiles of each microfluidic reactor stage. Through the com-
bined control of sequential growth stages as well as enhanced 
mixing and precursor diffusion under supercritical solvent 
conditions, InP/ZnS core/shell QDs with photoluminescence 
quantum yields of 35% were achieved. Online PL and absorp-
tion measurements were also used to characterize the optical 
properties of InP/ZnS and InP/CdS QDs with varying core sizes 
and shell thicknesses, respectively, demonstrating the potential 
of multistage microfluidic platforms and online measurements 
toward rapid colloidal synthesis parameter screening for high-
performance core–shell heterostructures (Figure 4AII,III).

Coupled with automated flow systems, rapid online shape 
and size evaluation can also be utilized for the automated 
parameter space mapping and exploration of colloidal nano-
materials. Recently, Pinho and Torrente-Murciano introduced a 
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Figure 4. A) (I) Multistage, single-phase microfluidic platform developed by Baek et  al. for the multistep colloidal synthesis of InP/ZnS QDs.  
(II) UV–vis and (III) PL spectra of the in-flow synthesized InP/ZnS core/shell QDs for varying shell thicknesses. Adapted with permission.[67] Copyright 2018, 
Wiley-VCH. B) (I) Schematic of the multistep, single-phase microfluidic platform for controlled in-flow synthesis of Ag nanoparticles developed by 
Pinho and Torrente-Murciano. UV–vis spectroscopy coupled with Mie theory-based correlations were utilized for particle size and isotropy monitoring 
as a function of (II) seed dilution and (III) citrate to silver nitrate ratio. Adapted with permission.[100] Copyright 2020, The Royal Society of Chemistry.
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multistage flow reactor for rapid online size and shape evalu-
ation of silver (Ag) nanoparticles via UV–vis absorption data 
combined with the Mie model solution of Maxwell's equa-
tions.[100] Specifically, by using a residual sum of squares (RSS) 
equation based on experimental and calculated optical data, 
the “spherical degree” of in-flow synthesized Ag nanoparticles 
could be evaluated. The developed multistage continuous flow 
reactor, shown in Figure 4B panel I, consisted of a seed stage 
followed by five growth stages. The seed and growth stages can 
be distinguished by their respective use of a strong reducing 
agent (sodium borohydride, NaBH4) and mild reducing 
agent (citrate). Utilizing the developed multistage microflu-
idic synthesis platform, the effect of seed to growth solution 
ratios, number of growth stages, pH, and citrate/silver nitrate 
(Ag(NO3)) ratio on the size, size distribution, and sphericity of 
Ag nanoparticles were systematically investigated. From these 
microfluidic studies, both a high citrate/Ag(NO)3 concentra-
tion ratio as well as a high Ag seed/growth solution ratio were 
found to contribute to anisotropic growth of Ag nanoparticles 
(Figure 4BII,III). Remarkably, the multistage microfluidic syn-
thesis platform enabled continuous flow synthesis of highly 
spherical and monodisperse Ag nanoparticles ranging from 5 
to 80 nm.

4.2. Multiphase Flow

4.2.1. Liquid-Liquid Segmented Flow

In addition to single-phase, liquid flow synthesis, L-L seg-
mented flow format may also be utilized for the shape-
controlled synthesis of various colloidal nanomaterials. L-L 
segmented flow systems may either use a reactive or an inert 
carrier phase. Compared to the single-phase flow, L-L seg-
mented flow format can aid anisotropic growth through interfa-
cial reactions and interfacial adsorption.[101–103] The former has 
been demonstrated by Kulkarni et al. for the anisotropic growth 
of Au nanostructures in a L-L segmented flow microreactor.[102] 
The L-L segmented flow in this study consisted of a reducing 
agent in the organic phase and tetrachloroauric acid (HAuCl4) 
in the aqueous phase, as generalized in Figure 5A. By varying 
the concentration of a surfactant (cetyltrimethylammonium 
bromide, CTABr) added to the aqueous phase, different mor-
phologies with narrow shape distributions could be obtained. 
However, when identical CTABr concentrations were used in a 
single-phase system, wider shape distributions were observed. 
Shape variations were also found to be correlated to the hydro-
dynamics of the system. Hexagonal (plate-like) shapes could be 
preferentially grown by changing the reactant wall from hydro-
phobic to hydrophilic, which changed the dispersed phase from 
aqueous to organic. In this study, the growing nanostructures 
existed only in one phase as shown in Figure 5A. However, in 
L-L flow systems without surfactants or precursor mixing zones, 
nanoparticle seeds can be adsorbed at the continuous-dispersed 
phase interface. The effects of this interfacial adsorption were 
studied by Zhang et al. by using an oil-water segmented flow in 
a tube-based microfluidic reactor.[103] When Ag seeds accumu-
lated at the oil-water interface, Ag octahedra and Ag-Au nano-
cups were produced via seeded growth and galvanic reactions, 

respectively (Figure 5BII). In the interfacial adsorption seeded 
growth synthesis, self-nucleation in the aqueous phase also 
resulted in small Ag nanoparticles. Polydispersity and shape 
variations could therefore be mitigated by the suppression of 
interfacial adsorption through the addition of a surfactant.

Outside of possible interfacial adsorption effects, the use of 
an inert carrier phase is largely beneficial not only to improve 
mixing due to formation of axisymmetric recirculation pat-
terns within the plugs/slugs (Figure  1A) but also to reduce 
fouling. Using microscale L-L segmented flow format, shown 
in Figure 5C panel I, Niu et  al. produced shape and size-con-
trolled noble-metal nanocrystals with uniform morphologies 
(Figure  5CII–V).[104] The in-flow synthesized palladium (Pd) 
nanocube edge length was tuned by adjusting the ratio of Pd 
salt precursor to capping agent (Figure 5CII,III). Pd octahedra 
of larger sizes could be produced from Pd nanocubes via seed-
mediated growth (Figure  5CV). The utilization of a silicone 
oil carrier phase (which removed fouling) enabled multiple 
(>10 times) operation of the microreactor without any major 
issues. Capitalizing on the silicone wetting phase a porous 
polytetrafluoroethylene (PTFE) tube-based separation unit 
was integrated after the cooling stage to remove the silicone 
oil from the reactant phase. Following the online L-L separa-
tion module, a cross-flow filtration module was used to collect 
Pd nanoparticles with enhanced efficiency compared to offline 
centrifugation. The combination of separation and filtration 
modules introduced in this microfluidic platform may further 
enable the application of shape-controlled flow syntheses of col-
loidal nanomaterials to industrial scale-automated systems.

In addition to continuous synthesis, microscale L-L seg-
mented flow systems have enabled the high-throughput shape 
evolution screening of emerging colloidal nanomaterials, 
including inorganic and hybrid metal halide perovskites. Lignos 
et al., developed and utilized a temperature-controlled, droplet 
microfluidic platform integrated with an online PL monitoring 
module to elucidate the dynamics of halide segregation and 
nanocube and nanoplatelet formation during the synthesis of 
colloidal formamidinium lead halide (Cl/Br) perovskite nano-
structures.[105] A comprehensive screening of key colloidal  
synthesis parameters, including ligand, cation, and halide com-
position as well as the synthesis temperature revealed the experi-
mental boundaries in which nanoplatelet formation were in  
favor of nanocubes, thereby attaining tunable emissions 
spanning 440 to 515 nm, presented in Figure 5D. Furthermore, 
a maximum Cl to total halide threshold of 40% was identified 
for producing colloidally stable emitting nanocrystals, where all 
nanocrystals with Cl content exceeding this boundary under-
went rapid halide ion segregation and an emission shift and/or 
reduction in the PL intensity.

In combination with single-phase microfluidic synthesis 
systems, L-L segmented flow systems have also been utilized 
to control morphology by separating nucleation and growth 
stages. One example includes a multistep microfluidic reactor 
introduced by Duraiswamy and Khan for the seedless synthesis 
of anisotropic gold nanocrystals, depicted in Figure 5E.[106] Au 
nanoparticle seeds were generated in the single-phase stage of 
the multistep microfluidic platform and subsequently injected 
via a four-way fluidic junction, along with aqueous growth pre-
cursor streams, into a cross-flow silicone oil stream to form 
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monodispersed L-L segmented flow in a microfabricated micro-
reactor (polydimethylsiloxane). Such a multistage microfluidic 
reactor not only meets the benefits of one-pot batch syntheses 
but also provides finer growth control by decoupling the spa-
tiotemporal overlap of seed generation and growth stage. In 
addition, a deionized water stream was added to the dispersed 
phase before segmentation to dilute the Au seed solution. By 
adjusting the water, gold salt/surfactant, and growth reagent 
flow rates, the relative concentrations of Au3+, shape directing 
agent (Ag+), and surfactant could be adjusted to modify Au 
nanocrystal morphology. The necessity of separating the seed 
and growth stages for anisotropic Au nanocrystal growth was 
demonstrated by a control experiment in which seed syn-
thesis and growth reagents were combined at the same loca-
tion and time, which resulted in no nanoparticle formation. 
Using offline UV–vis absorption spectroscopy, it was also deter-
mined that under the residence times used in stage one (≈90 s), 
incomplete seed growth occurred.

Similar to the seeded growth colloidal synthesis of ani-
sotropic nanocrystals, core–shell nanocrystal syntheses also 
require multistep reactions. Although, compared to the single-
phase microfluidic flow format, direct injection in microscale 
L-L segmented flow is a complicated task, the benefits of preci-
sion dosing can outweigh the challenges of multiphase injec-
tion. Such controlled and uniform multistep dosing, which 
may be attributed to isolated reactive phases and enhanced 
mixing in L-L segmented flow, has been demonstrated to result 
in improved core–shell nanostructures. Yashina et  al. synthe-
sized core/shell copper indium sulfide (CuInS2)/zinc sulfide 
(ZnS) QDs in a two-stage microfluidic reactor utilizing L-L seg-
mented flow format, where both CuInS2 cores and ZnS shells 
were grown continuously in-series. ZnS shells were grown 
by direct injection of shell precursors into the reactive phase 
droplets containing CuInS2 core QDs.[107] Online PL meas-
urements were utilized for the continuous monitoring of the 
optical properties of the in-flow synthesized nanostructures 
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Figure 5. A) Illustration depicting microchannel wettability-dependent nanoparticle accumulation during Au nanoparticle growth discussed by Kulkarni 
et  al.[102] The wettability of the microchannel was found to affect Au nanoparticle morphology, where hydrophobic and hydrophilic microreactors 
resulted in heterogeneous and uniform hexagonal shapes, respectively. B) (I) Illustration of the developed tube-based microfluidic reactor by Zhang 
et al. using the L-L segmented flow format for the interfacial adsorption assisted growth of anisotropic materials. (II) Schematic illustration of the 
interfacial adsorption and growth of Ag octahedra and Au-Ag (gold-silver alloy) nanocups. Adapted with permission.[103] Copyright 2014, American 
Chemical Society. C) (I) Schematic of the multistage, tube-based microfluidic platform developed by Niu et al. for the controlled in-flow synthesis of 
Pd nanostructures followed by continuous reactive phase extraction through permeable PTFE tubing. Tuning of precursor compositions and reaction 
temperatures enabled size controlled synthesis of Pd (II, III) nanocubes and (IV,V) nanooctahedra without offline phase separation. Adapted with per-
mission.[104] Copyright 2018, American Chemical Society. D) Representation of the microfluidic high-throughput screening of colloidal FAPb(Cl1−xBrx)3 
nanocrystal shape evolution using a tube-based microfluidic reactor integrated with an online PL monitoring module by Lignos et al. Reproduced 
with permission.[105] Copyright 2018, American Chemical Society. E) Schematic illustration of the dual-stage continuous-flow microreactor developed 
by Duraiswamy and Khan for in-flow colloidal synthesis of anisotropic Au nanocrystals. Reproduced with permission.[106] Copyright 2013, Wiley-VCH.  
F) Online (I) PL and (II) absorption spectroscopy monitoring of CuInS2/ZnS core–shell QDs as a function of core synthesis stage temperature by 
Yashina et al. Adapted with permission.[107] Copyright 2016, The Royal Society of Chemistry.
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before and after shell growth as a function of precursor com-
position and synthesis temperature. Demonstrated by the emis-
sion and absorption spectra collected for varying core synthesis 
stage temperatures, the CuInS2 QD core size could be indepen-
dently controlled (Figure  5FI,II). Utilizing the developed two-
stage microfluidic synthesis strategy, CuInS2/ZnS core/shell 
QDs with tunable emissions (580–760 nm), moderate quantum 
yields (55%), and relatively low emission full-width at half- 
maximums (90–95 nm) were attained.

The synthesis of high-quality colloidal heterostructures in L-L 
flow reactors is made feasible not only from enhanced reaction 
control but also from enhanced reaction kinetics. By decreasing 
reaction times, the synthesis of air- and temperature-sensitive 
nanomaterials may be used in multistage reactions, such as 
the synthesis of colloidal core–shell materials. Cobalt-nickel 
core–shell MOFs created by sequential hydrothermal synthesis 
in a two-stage L-L microfluidic reactor were synthesized in  
10 min, a dramatic reduction compared to 72 h required in con-
ventional batch routes.[108] Because of the reduced heating time, 
the cobalt-benzene-1,3,5-tricarboxylate (Co3BTC2) MOF cores 
retained their crystalline properties after Ni3BTC2 shell growth. 
The use of segmented flow formats can, therefore, be used to 
synthesize novel nanomaterials due to the stability of synthesis 
intermediates at reduced reaction times.

4.2.2. Gas-Liquid Segmented Flow

Among adsorbates, those which are both facet-specific growth 
inhibitors and reducing agents, such as carbon monoxide (CO), 
have become a topic of focus in shape-controlled colloidal 
nanomaterial growth.[96] Batch colloidal syntheses employing 
such surface modifiers in the gas phase, termed gas reducing 
agent in liquid solution (GRAILS), have exhibited the shape-
controlled synthesis of various metal nanostructures, including 
Pt-alloy and Pt icosahedra, and Pt octahedra.[109–111] Although 
tremendous progress has been made to parameterize shape 
control in GRAILS synthesis routes, poor control over G-L mass 

transfer and heating rates has limited their ability to produce 
uniform colloidal nanocrystals at high throughputs. Building 
upon the foundation laid by GRAILS synthesis, several gas-
liquid segmented flow colloidal synthesis routes have recently 
been developed for the shape-controlled synthesis of metal and 
metal-oxide nanocrystals.[112–114] The generalized components 
of each phase in G-L segmented flow synthesis of colloidal 
nanocrystals are depicted in Figure 6A. Because of the high 
degree of kinetic control, accelerated heat and mass transfer 
rates (decreased reaction times), and reduced hazardous gas 
volumes, microscale G-L segmented flow format can realize the 
full potential of biphasic shape-controlled colloidal nanomate-
rial growth.

The unique advantages of G-L segmented flow format for 
controlled synthesis of colloidal nanomaterials have been 
demonstrated in a study by Sebastian et  al., where a G-L 
microfluidic platform was utilized to synthesize Pd nanorods 
and nanosheets as well as Pt nanocubes with controlled mor-
phologies.[114] The utilized two-stage silicon/pyrex microfluidic 
reactor consisted of a cooled passive mixing zone to promote 
microscale mixing of precursors without nucleation, fol-
lowed by a heated reaction zone. Within this study, nanostruc-
ture shapes could be controlled by adjusting the gas phase 
between the reducing (CO), oxidizing (oxygen, O2), and inert 
(nitrogen, N2) gases as shown in Figure  6BI–IV. Using CO 
as the gas phase in the G-L segmented flow, Pd triangular 
nanosheets were synthesized at temperatures as low as 35 °C 
and residence times as low as 150 s. Shape control at higher 
temperatures was enabled by the addition of tetradecyltrimeth-
ylammonium bromide (TTABr) in combination with an aprotic 
solvent (dimethylformamide) which enhanced TTABr solu-
bility to reduce fouling. Under the latter condition, tempera-
ture effect studies on Pd nanostructure morphology were con-
ducted. By increasing the temperature between 50 and 100 °C, 
it was found that hexagonal Pd nanosheets could be obtained 
due to higher CO reduction rates and decreased CO coverage. 
UV–vis absorption spectroscopy was used to correlate shifts in 
surface plasmon resonance peaks to the synthesis temperature 
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Figure 6. A) Illustration depicting microscale G-L flow synthesis of metal and metal oxide nanoparticles with (top) an external gas source acting as 
an oxidizing or reducing agent and/or inert carrier phase and (bottom) in situ generated gas reducing agent and carrier phase (CO) presented by 
Niu et al.[112] B) TEM images of the different in-flow obtained Pd morphologies by Sebastian et al. using G-L segmented flow microreactor with (I) O2 
(nanorods), (II) N2, and (III) CO (nanosheets). Pd and Pt nanostructures were found to be controlled by temperature as well as liquid and gas-phase 
compositions. Adapted under the terms of the Creative Commons CC-BY license.[114] Copyright 2016, The Royal Society of Chemistry. C) (I) Tube-in-tube 
gas-liquid contactor used by Panariello et al. for the saturation of heptane and base solution streams with H2 and CO, respectively, (II) CO-saturated 
single-phase flow reactor schematic for the CO-aided synthesis of iron oxide nanoparticles. Adapted under the terms of the Creative Commons CC-BY 
license.[115] Copyright 2020, The Authors, published by MDPI.
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and Pd nanosheet edge lengths, demonstrating the potential 
for online optical absorption spectroscopy to be used in the 
high-throughput screening of shape-controlled colloidal metal 
nanostructure synthesis routes in flow. In addition to CO, O2 
was also utilized as the gas phase in the microscale G-L seg-
mented flow reactor for the shape-controlled colloidal synthesis 
of Pd nanorods via anisotropic oxidative etching. Unlike batch 
methods, O2 etching could be controlled to tune nanorod aspect 
ratios by tuning the G-L mass transfer rates via changing O2 to 
liquid feed ratios.

Precise shape control similar to that applied in the micro-
scale G-L segmented flow synthesis platform developed by 
Sebastian et  al.[114] has also been demonstrated in tube-based 
microfluidic reactors toward the shape-controlled production 
of colloidal metal oxide nanostructures. Notably, a simple PTFE 
tube-based, two-stage G-L segmented flow microreactor was 
used by Larrea et  al. to produce iron-oxide magnetic nanopar-
ticles with tunable crystalline structures.[113] The first stage of 
this microfluidic platform used ultrasound waves to enhance 
mixing between solution phases. Next, the heated growth stage 
introduced the inert, oxidizing, or reducing gas phase via a 
Y-junction, resulting in the formation of G-L segmented flow. 
Because of the increased mass and heat-transfer rates, coupled 
with small slug sizes, gas phase and temperature-dependent 
iron oxide morphologies were obtained at residence times 
unparalleled in batch synthesis. For example, this study used 
hydrogen (H2) gas as a reductant to produce pure phase mag-
netite at a residence time of 60 s, substantially lower than the 
reported hour-long batch synthesis. The study also highlighted 
the feasibility of high-throughput synthesis by demonstrating 
excellent size and shape reproducibility between multiple runs 
and during extended operation periods (≈3 h).

Safer-by-design G-L segmented flow microreactors, in addi-
tion to the external gas source protocols discussed, may use 
in situ generated CO gas as the carrier phase and reductant, 
represented by the illustration in Figure  6A (bottom). Niu 
et  al. used this strategy in a tube-based microfluidic synthesis 
of Pt-nickel (Ni) octahedra.[112] The CO source, tungsten hexa-
carbonyl (W(CO)6), was dissolved with Pt(II) acetylacetonate 
and Ni(II) acetylacetonate in oleic acid, olelyamine, and benzyl 
ether. Upon reaching a heating zone of the microfluidic reactor, 
the W(CO)6 decomposed, releasing CO gas which separated 
the reactant solution into uniform droplets. Utilizing this 
G-L microfluidic synthesis strategy, rather than changing the 
external gas flow rate, slug sizes could be varied by adjusting 
the concentration of W(CO)6 in the reactant stream.

4.2.3. Tubular Membrane-Based Flow Reactor

Recently, tube-in-tube flow reactors have been utilized to accel-
erate the rate of gas delivery to a liquid phase for gas-liquid syn-
thesis of colloidal nanomaterials.[116] Gas-saturated liquid flow 
using the tube-in-tube flow reactor, compared to segmented G-L 
analogs, has greater potential for scale up since segmented flow 
stability requirements are eliminated. Panariello et  al. used a  
two-stage flow synthesis platform comprised of a tube-in-tube 
G-L contactor followed by a heated PTFE flow reactor to syn-
thesize iron oxide nanoparticles via coprecipitation method.[115] 

The G-L contactor stage consisted of a gas-permeable Teflon 
tube placed inside a PTFE tube, shown in Figure  6C panel I. 
Gas was flown on the outer annulus of the tube-in-tube con-
tactor to saturate the liquid stream flowing within the inner 
Teflon tube. This flow reactor was used with two saturated 
liquid formats in the reactive stage: L-L segmented flow with 
H2-saturated heptane as the continuous phase and single-phase 
liquid flow using a CO-saturated base solution (Figure  6CII). 
While H2-saturated L-L flow aided the formation of high-purity 
magnetite/maghemite phase, spherical nanoparticle mor-
phologies with high polydispersity were obtained, attributed 
to interfacial adsorption effects. To avoid interfacial adsorption 
effects on nanoparticle morphology, while maintaining phase 
purity, CO-saturated single-phase flow was used. Similar to 
the G-L segmented flow synthesis work by Larrea et  al.,[113] at 
elevated temperatures CO acted as a reducing agent and only 
magnetite/maghemite phase nanoparticles with cuboidal mor-
phology were obtained.

5. In-Flow Composition Control of Colloidal 
Nanomaterials
5.1. Nanomaterial Bulk Composition

Colloidal nanomaterials are particularly congruous with 
microfluidic synthesis technology due to their high degree of 
compositional variation. That is, the composition, and thus 
application, of heterogeneous colloidal nanomaterials can be 
tuned for the same reactants by controlling synthesis condi-
tions including residence time, pressure, immobilization time, 
temperature, and precursor ratios. These readily accessible and 
precisely tunable synthesis conditions, such as in size- and 
shape-controlled synthesis, may be rapidly screened in micro-
fluidic reactors, thereby accelerating the understanding of the 
key parameters controlling the physicochemical properties of 
colloidal nanomaterials. An emerging example of composition-
controlled colloidal synthesis aided by flow synthesis strategies 
is the continuous flow synthesis of bimetallic catalytic nano-
particles.[117] When synthesized via coreduction in batch, stabi-
lized bimetallic alloy-nanoparticles typically have compositional  
variation across a range of nanocrystal sizes. Because these com-
positional changes are poorly controlled and result in variations 
in selectivity and activity, the realization of bimetallic catalysts in 
industry has been impeded. Recently, a flow synthesis approach, 
which overcomes the downfalls of batch sol-immobilization  
synthesis, was demonstrated by Cattaneo et  al.[117] for the con-
tinuous production and immobilization of Au-Pd alloy nano-
particles. By rapidly combining Pd and Au precursors and a 
reductant (NaBH4) as well as quickly immobilizing the formed 
alloy nanoparticles in flow, Au-Pd nanoparticles with composi-
tional homogeneity across a range of nanoparticle sizes were 
achieved (Figure 7AI,II). Conversely, the molar ratio of alloy 
nanoparticles can also be tuned while maintaining a con-
stant size by adjusting the residence (reaction) time as shown  
in the continuous flow synthesis of Au-Ag alloy nanoparticles 
by Sun et  al.[118] Using a heated PTFE capillary microreactor 
coupled with offline structural and spectral characterization 
techniques, Au-Ag alloy nanoparticle composition and size 
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were evaluated as a function of residence time (Figure 7BI,II), 
synthesis temperature, and molar ratio of Au and Ag reactants. 
In addition, changes in plasmon resonance absorption peaks 
were correlated to changes in Au/Ag alloy molar ratio. Through 
a precise control of temperature and residence time, this micro-
fluidic synthesis platform demonstrated the potential of fluidic 
systems to rapidly identify optimal synthesis conditions which 
increase throughput, while maintaining size and compositional 
homogeneity.

Although optical absorption spectroscopy can be used to 
study compositional variations in nanomaterials, more robust 
characterization techniques which can provide information 
on oxidation state, local order, and coordination number are 
also available, specifically XAS. However, because many of 
such characterization tools require acquisition times orders 
of magnitude higher than reaction rates, they are impractical 
for kinetic studies of colloidal syntheses with fast formation 
kinetics (≪1 s). Thus, there has been a disjunction between 
emerging nanomaterials (which typically involve reaction 
time scales significantly lower than their bulk analogues) and 
advanced characterization tools. However, since reaction time 
in flow is a function of the microreactor length, these char-
acterization methods can be used in flow syntheses with fast 

kinetics simply by changing the sampling area to different 
points along a microfluidic reactor. With the emergence of 
microfabricated reactors tailored to online XAS and extended 
X-ray absorption fine structure (EXAFS) analysis, this advan-
tage has been exploited toward kinetic studies of ultrafast reac-
tions via composition analysis. Chan et  al.[119] demonstrated 
the use of online XAS for detailed kinetic studies of CdSe to 
Ag2Se nanocrystal cation exchange reactions in flow using a 
three-stage silicon-based microreactor. The microfluidic reactor 
consisted of inlet channels for Ag+ and CdSe reagents, followed 
by a flow-focusing mixing channel and an observation channel. 
The dimensions of the observation channel were made wider 
than the mixing channel to accommodate the X-ray spot and an 
aligned nitride window. Using (residence) time-resolved XAS 
spectra, the fractional conversion of CdSe to Ag2Se as a func-
tion of time was measured online, revealing insights into the 
possible mechanisms of CdSe/Ag+ cation exchange reactions.

5.2. Surface Functionalization

Changes in composition via surface functionalization may 
also be used to change the optical properties and applications 
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Figure 7. A) (I) Titania-supported AuPd alloy nanoparticle size versus composition for nanoparticles synthesized in a continuous millifluidic reactor 
compared to batch, as presented by Cattaneo et al.[117] Size and composition of alloyed nanoparticles were measured using (II) XEDS. Compared to batch, 
in-flow synthesized AuPd alloy nanoparticles displayed compositional homogeneity across a wide range of particle sizes. Adapted with permission.[117] 
Copyright 2017, The Royal Society of Chemistry. B) Pictures of (I) Au (a), Au-Ag (b–d), and Ag (e) colloidal nanoparticles synthesized utilizing a PTFE 
capillary microreactor developed by Sun et al.[118] (II) The SPR absorption peak can be tuned by changing the residence time, and thus composition, of 
the (III–IV) alloy nanoparticles. Adapted under the terms of a Creative Commons Attribution 2.0 International License.[118] Copyright 2017, The Authors, 
published by Springer Nature. C) (I) Schematic illustration of the single-droplet oscillatory flow reactor developed by Shen and Abolhasani et al. for the 
online study of biphasic ligand exchange reactions using OA- and ODPA-capped CdSe QDs. (II) The concentration of CdSe in each phase, and thus extent 
of ligand exchange, monitored online via the absorbance value at 350 nm. Adapted with permission.[122] Copyright 2017, Wiley-VCH.
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of colloidal nanomaterials. For example, surface functionaliza-
tion of semiconductor QDs via ligand exchange reactions can 
increase charge transfer between QDs and improve their solu-
bility in polar solvents.[120,121] Heterogeneous ligand exchange 
reactions are well-controlled alternatives to homogeneous-phase 
and postdeposition reactions. Until recently, a detailed kinetic 
understanding of heterogeneous ligand exchange reactions was 
limited by the labor-intensive phase separation and purifica-
tion required for offline spectroscopic measurements. Using 
a single-droplet oscillatory microfluidic reactor with online 
absorption spectroscopy, Shen and Abolhasani et al.[122] studied 
the biphasic ligand exchange kinetics of oleate (OA)- and octa-
decylphosphonic acid (ODPA)-capped CdSe QDs (in toluene) 
with sulfide anions (in formamide), shown in Figure 7C panel 
I. Because of a difference in the relative velocity of the engulfed 
polar phase (formamide) and the wetting phase (toluene), the 
polar phase displaced to the front of the biphasic droplet at the 
ends of the horseshoe-shaped microfluidic reactor, allowing for 
straightforward delineation of each phase for online UV–vis 
absorption analysis. By monitoring the concentration of CdSe 
in each phase—obtained from the online UV–vis absorption 
data, as shown in Figure  7C panel II—kinetic curves for dif-
ferent phase volume ratios were obtained demonstrating that 
the biphasic ligand-exchange reaction was not mass transfer 
controlled. In addition, a ligand exchange mechanism was pro-
posed based on the evolution of band-edge extinction peak posi-
tions as a function of time. Based on known peak shift changes 
correlated with the dissociation of Z-type ligands (blueshift) 
and X-type ligands (redshift), the leaving order was found to 
begin with be X-type oleate and Z-type Cd-phosphonate for OA 
and ODPA-capped CdSe QDs, respectively.

Outside of comprehensive kinetic studies, microfluidic reac-
tors have also been employed for the continuous and material- 
efficient surface functionalization of nanomaterials. Uson 
et al.[123] functionalized Au nanorods in flow with poly(ethylene 
glycol) (PEG), a common surface modifier used to stabilize 
Au nanostructures as well as reduce their cytotoxicity for bio-
medical application. Using a multistep microfluidic reactor, 
Au nanorods were grown by seeded growth and PEGylated in 
a continuous flow process. PEGylation of Au nanorods in flow 
required two orders of magnitude less PEG compared to batch, 
which was estimated to result in dramatic cost reductions based 
on PEG making up ≈69% of the cost of raw materials used to 
produce Au-PEG nanorods. Similar material and cost-efficient 
benefits were obtained by Gomez et  al.[124] for the continuous 
production and PEGylation of hollow Au nanoparticles in a 
tube-based microfluidic reactor and in a scaled-up tube-based 
millifluidic reactor. Beyond material and cost efficiency, the 
reduction in PEG required in both processes also saved time 
by eliminating purification steps required for excess PEG in 
solution.

6. Autonomous Colloidal Nanomaterial Synthesis

The facile access to multitude of process parameters along 
with online, streamlined data acquisition (nanomaterial prop-
erties), make microfluidic systems well suited for integration 
with existing and emerging feedback controllers and reaction 

optimization algorithms. Process controllers are especially 
useful for sustained parameter modulation in syntheses which 
require extended synthesis times as well as in scaled-out, end-
to-end manufacturing. Controllers which have been integrated 
into microfluidic nanomaterial synthesis platforms primarily 
use proportional-integral-derivative control (e.g., Chan et al. for 
temperature-controlled, microfluidic synthesis of CdSe QDs)[125] 
and fuzzy logic algorithms (e.g., Kerr et al. for microfluidic syn-
thesis of CsPbBr3 QDs to simultaneously tune flow velocity and 
reactive slug length).[126]

Single-phase fluid delivery systems able to attain high levels 
of precision are available off-the-shelf and may be integrated 
into in-flow colloidal nanomaterial syntheses without extensive 
prior knowledge. Multiphase fluid velocity tuning strategies 
are, however, less commonly used and are more complex than 
the simple flow rate tuning of single-phase flow formats. Due 
to the dynamic nature of microscale G-L and L-L segmented 
flow formats (e.g., compression of gaseous phases, physically 
driven phase changes), they are highly sensitive to invasive 
measurement methods. Consequently, the primary method for 
monitoring multiphase flow systems has been through low-
cost optical sensors,[127] which have been integrated into pro-
cess controllers through strategies such as slug counting.[126] 
While multiphase flow control methods are in the early stages 
of application in colloidal nanoscience studies, modest develop-
ment of these optical monitoring and control strategies would 
alleviate this technical barrier at a negligible equipment cost. 
Similarly, the physical components of most temperature control 
systems (thermocouple, energy source, and controller) are com-
mercially available and amenable to automated process con-
trollers. Moreover, they may be easily integrated into a larger 
control system using algorithms freely available in most pro-
gramming languages and software packages (e.g., Python and 
LabVIEW).

Building upon the continuous tuning of the accessible syn-
thesis parameter space, autonomous robotic experimentation in 
flow can be achieved through the integration of online analyt-
ical methods with the emerging AI-based experiment selection 
algorithms. Capitalizing on high sampling rates and low chem-
ical requirements, such AI-guided flow synthesis platforms are 
powerful intelligent experimentation tools for rapid parameter 
space mapping, synthesis optimization, and application-guided 
formulation discovery. Widespread integration of autonomous 
systems in colloidal nanoscience research, would therefore,  
significantly accelerate the discovery, synthesis, and process–
structure–property mapping of the emerging colloidal nano-
materials in energy and chemical technologies. However, despite 
a growing number of demonstrations in nanocrystal syntheses, 
fully autonomous reactors still possess a significant number 
of barriers to their proliferation. An effective autonomous  
flow reaction optimizer cannot be attained without first under-
standing and applying six key components: 1) The entirety of 
the system hardware—including temperature control, reagent 
delivery, and process/material characterization probes—must 
be fully automated; 2) Online process/material characterization 
modules must provide accurate and physically validated data; 
3) Data analytics on relevant parameters must be automated 
through unassisted feature detection/extraction algorithms;  
4) The microfluidic nanomaterial synthesis platform must access 
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a relevant range for each experimental parameter at a relatively 
low sampling variability; 5) The microfluidic platform must 
be able to operate continuously for the entire duration of the 
exploration/optimization process; 6) The objective parameter 
must be sufficiently correlated to the controlled input variables 
and subsequently optimized through an experiment selection 
algorithm. Due to the complexity of each of these challenges, 
use of autonomous robotic experimentations in flow typically 
falls within a specialized area of research, but with appropriate 
propagation of the relevant information, these deterrents may 
be quickly lifted.

First, a baseline level of technical knowledge is required to 
design and assemble a microfluidic system. The fundamental 
principles toward building accurate and efficient microfluidic 
platforms, particularly low-cost tubular microreactors, have 
been extensively detailed in other publications and review arti-
cles.[46] Second, there is a need for user-friendly integrated hard-
ware and data processing algorithms. While most equipment 
manufacturers offer simple plug-and-play communication 
devices and a number of measurement extraction strategies 
have been demonstrated,[128] using a collection of hardware and 
automatically analyzing the resulting data currently requires a 
background in process automation and computer language pro-
gramming. Greater availability of fully integrated microfluidic 
control systems would undoubtedly reduce the initial barrier 
in autonomous colloidal synthesis studies. Finally, while inte-
gration of experiment selection algorithms with a microfluidic 
platform falls into the requisite prior knowledge in computer 
programming, the algorithms on their own have been exten-
sively studied. Several fully developed experiment selection 
methods are available in a readily implementable format and 
have already been demonstrated in nanomaterial syntheses. 
Furthermore, a number of more recently developed AI-based 
experiment analysis and selection approaches have dem-
onstrated a clear potential in accelerated colloidal synthesis 
studies.[129,130]

Open-source prepackaged optimization algorithms are acces-
sible options for autonomous robotic experimentation in flow, 
and many of such algorithms have been already incorporated 
into microfluidic systems with notable success.[131,132] The ear-
liest implementation of a self-guided nanoparticle synthesizer 
applied the open-source software package Stable Noisy Opti-
mization by Branch and Fit[133] to tune the PL emission of 
CdSe QDs,[134] and in more recent work the same algorithms 
were integrated with a remote user interface and robotically 
handled offline circular dichroism spectroscopy measure-
ments toward the intelligent synthesis of chiral perovskite 
nanocrystals[135]—shown in Figure 8A. Additionally, the Nelder–
Mead simplex method[136] has been applied as an advanced 
process controller for the continuous nanomanufacturing of 
CsPbBr3 QDs,[137] and covariance matrix adaption-evolutionary 
strategy[138] was recently used to tune the halide exchange of 
CsPbBr3 QDs.[65]

Algorithms based on Gaussian process regressions 
(or Kriging) offer more available tuning parameters and 
facile selection flexibility than most prepackaged optimiza-
tion algorithms, at the cost of greater implementation com-
plexity. The use of Gaussian process-based experiment selec-
tion strategies has aided in the accelerated colloidal syntheses 

of CdSe, CdSeTe,[139] and multinary lead halide perovskite 
QDs[140]—shown in Figure 8B. Similarly, ensemble neural net-
work-based algorithms seek to capture the extensive complexity 
of nanoparticle synthesis systems through modern advances 
in AI. While the strategy is in its infancy for colloidal nano-
particles, the use of neural network algorithms has recently 
been demonstrated for halide exchange reactions of CsPbBr3 
QDs[65]—shown in Figure 8C.

Ultimately, the most effective experiment selection strategy 
will depend on the nature of the colloidal synthesis routes 
and accessible parameter space. Gaussian process regressions 
are trained and applied at a far lower computational cost than 
current AI-based models; however, neural network algorithms 
may offer more robust experiment selection as well as access 
to more complex reaction spaces. The superior technique will 
likely change depending on the nanoparticles being formed and 
the utilized microfluidic system. Effectively identifying which 
experiment selection algorithms are more appropriate for each 
class of colloidal nanomaterials warrants extensive future study.

7. Summary and Outlook

In the scope of nanomaterial synthesis exploration and dis-
covery, microfluidic reactors offer superior sampling efficien-
cies and kinetic control over flask-based reaction strategies. 
Such kinetic control can be coupled with online monitoring 
techniques for unparalleled insight to the evolution of colloidal 
nanomaterial properties over a wide range of reaction times. 
The simplicity of microfluidic platform automation allows for 
many of the presented flow syntheses to be used toward fully 
autonomous, self-optimizing colloidal syntheses. Because of 
the ability to have continuously controlled microreactor stages, 
as well as enhanced reaction kinetics, microfluidic platforms 
can also be used for the synthesis of next-generation nano-
materials previously unobtainable due to challenges with han-
dling air- and temperature-sensitive intermediates. Moving 
toward nanomanufacturing strategies, microfluidics allows 
for the direct transfer of laboratory-scale studies to large-scale 
production through numbered up designs. Furthermore, small 
active reactor volumes (at least two orders of magnitude lower 
than equivalent batch reactors) facilitate safer-by-design nano-
material production, allowing for the realization of shape-
controlled synthesis employing hazardous volatile phases in 
high-throughput manufacturing.

The recent advances in the capabilities of modular micro-
fluidic reactors make them a powerful strategy for the size, 
shape, and compositional-controlled synthesis of colloidal 
nanomaterials. While this progress report focused on the 
controlled synthesis of quantum, magnetic, and plasmonic 
inorganic nanomaterials, there are a growing number of next-
generation colloidal nanomaterials which would benefit from 
precise control and accelerated high-throughput screening 
capabilities of microfluidic synthesis strategies. Among these 
materials are those which can be synthesized by interfacial 
reactions, including colloidal metal–organic frameworks[141] and  
carbon dots.[142] Due to increased mixing rates and a continu-
ously replenished interface in multiphase microfluidic reac-
tors, reaction times for interfacial-colloidal syntheses may be 
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greatly reduced. Furthermore, materials which necessitate 
unit cell precision growth, such as low-dimensional perovskite 
nanostructures, will benefit from the superior control of col-
loidal synthesis parameters in microfluidic reactors over batch 
processes. Beyond size, shape, and composition-controlled 
synthesis of next-generation colloidal nanomaterials, nanoma-
terials with advanced structure–property relationships, such as 
those with strain-induced optical properties,[143] will also benefit 

from advanced fluidic synthesis strategies. Although the micro-
fluidic syntheses of colloidal nanomaterials within some of 
these categories have been demonstrated and covered in recent 
reviews, there is an underexplored opportunity for the applica-
tion of online characterization techniques toward fundamental 
kinetic studies.

As previously mentioned, the residence (reaction) time rela-
tionship of microfluidic reactors can be used to study reaction 
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Figure 8. A) (I) Photograph of cloud interface, microfluidics, and robotic sample handler integrated into a perovskite nanocrystal synthesizer, as 
detailed in Li et al. Online absorption spectroscopy and robotically handled offline circular dichroism spectroscopy data were used in (II) Stable Noisy 
Optimization by Branch and FIT optimization algorithms. Apapted under the terms of a Creative Commons Attribution 4.0 International License.[135] 
Copyright 2020, The Authors, published by Springer Nature. B) (I) Illustration of the developed microfluidic system by Bezinge et al. integrated with the 
multiparametric automated regression kriging interpolation and adaptive sampling algorithm used to tune the emission wavelength of various multinary 
lead halide perovskite nanocrystals. (II) Iterative sampling results for three target emission peak wavelengths in a two parameter input space. Adapted 
with permission.[140] Copyright 2018, American Chemical Society. C) (I) Schematic illustration of the ensemble neural network guided Artificial Chemist, 
developed by Epps et al.,[65] which (II) applied an objective function to simultaneously optimize the quantum yield and polydispersity for eleven target 
emissions in the halide exchange of inorganic metal halide perovskite nanocrystals. Adapted with permission.[65] Copyright 2020, Wiley-VCH.



© 2020 Wiley-VCH GmbH2004495 (16 of 19)

www.advmat.dewww.advancedsciencenews.com

Adv. Mater. 2021, 33, 2004495

kinetics typically too fast for online high-resolution characteriza-
tion methods. For example, online small-angle and wide-angle 
X-ray scattering may be used with the microfluidic synthesis 
of MOFs, among many other materials in the rapidly growing 
library of porous nanostructures (such as zeolites and cova-
lent–organic frameworks), toward understanding crystallization 
kinetics. Outside of nucleation and growth studies, additional 
opportunities include studying the degradation, annealing, and 
ripening kinetics of a wide range of colloidal nanomaterials. 
While these opportunities have been enabled by developments 
in microreactor designs amenable to online characterizations, 
recent progress has also been made in spectroscopic techniques 
used in flow. For example, differential detection photothermal 
spectroscopy has been applied by Maceiczyk and Hess et al.[87] 
to measure concentration in low volume and residence time 
droplets, overcoming pathlength and time resolution barriers 
of absorption spectroscopy. To overcome pathlength limitations 
of PL spectroscopy in high concentration samples, Epps et  al. 
have introduced a reduced pathlength flow cell suitable for 
online PL quantum yield measurements of high PL materials 
without any dilution.[65] With such progress in online charac-
terization techniques and microreactor designs, autonomous 
and self-optimizing fluidic systems may be realized—one of the 
greatest potentials of colloidal nanomaterial flow synthesis.

Existing self-optimizing microfluidic systems rely on tem-
perature and reactant concentration tuning to optimize nano-
particles synthesis routes. While the capabilities of these tech-
nologies considerably alleviate the need for labor-intensive 
parameter screening, far greater opportunities arise from their 
development. In a manner similar to recent pioneering work 
in AI-assisted organic synthesis planning in flow reactors, 
autonomous nanoparticle reactors are ready to traverse into 
comprehensive compositional screening. The algorithms and 
platforms used to explore and optimize synthesis conditions 
may now be designed to incorporate the molecular features of 
available precursors into the experiment selection process. A 
self-optimizing fluidic system with a large variety of available 
precursors integrated with basic materials informatic algo-
rithms would offer unprecedented, in both flow chemistry and 
nanoscience, colloidal synthesis exploration. Such a system 
would unlock a greater, and potentially unintuitive, breadth of 
information surrounding the mechanisms of shape, size, and 
composition-controlled colloidal nanoparticle syntheses, and it 
would result in new and higher performing nanomaterials.

Microfluidic reactor designs and their applications in col-
loidal nanomaterial syntheses have advanced significantly in 
recent years. The tools and strategies developed by microfluidic 
device engineers may be used to expound the mechanisms and 
unravel the synthesis space of a wide variety of colloidal nano-
materials at an efficiency and rate unattainable at any point in 
history. The key remaining challenge in implementing these 
systems toward higher quality nanomaterial design and pro-
duction is unification of research efforts. Despite the advan-
tages of microfluidic synthesis systems, most groundbreaking 
advances are nanomaterial syntheses, quality, and performance, 
still occur through flask-based experimentation. The skillset 
currently required to design and build a microfluidic synthesis 
screening system is largely independent of the understanding 
needed to design colloidal synthesis protocols at the forefront 

of innovation, and it is unrealistic to expect mastery of both 
from a single scientist. This challenge may be overcome by  
1) promoting interdisciplinary efforts, where colloidal nano-
material researchers may develop synthesis strategies from the 
ground up in tandem with microfluidic reactor engineers, and 
2) reducing the barrier of entry for flow-based experimentation 
by creating comprehensive plug-and-play microfluidic synthesis 
and monitoring systems. Microfluidics holds incredible poten-
tial for understanding and improving the synthesis of colloidal 
nanomaterials. While many flow-based synthesis systems are 
regarded as novel, the greater scientific community will benefit 
from their advanced capabilities becoming conventional.
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