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Abstract: Materials science is a fast-evolving area that aims to uncover functional materials with ever
more sophisticated properties and functions. For this to happen, new methodologies for materials
synthesis, optimization, and preparation are desired. In this context, microfluidic technologies have
emerged as a key enabling tool for a low-cost and fast prototyping of materials. Their ability to
screen multiple reaction conditions rapidly with a small amount of reagent, together with their
unique physico-chemical characteristics, have made microfluidic devices a cornerstone technology
in this research field. Among the different microfluidic approaches to materials synthesis, the main
contenders can be classified in two categories: continuous-flow and segmented-flow microfluidic
devices. These two families of devices present very distinct characteristics, but they are often
pooled together in general discussions about the field with seemingly little awareness of the major
divide between them. In this perspective, we outline the parallel evolution of those two sub-fields by
highlighting the key differences between both approaches, via a discussion of their main achievements.
We show how continuous-flow microfluidic approaches, mimicking nature, provide very finely-tuned
chemical gradients that yield highly-controlled reaction–diffusion (RD) areas, while segmented-flow
microfluidic systems provide, on the contrary, very fast homogenization methods, and therefore
well-defined super-saturation regimes inside arrays of micro-droplets that can be manipulated and
controlled at the milliseconds scale. Those two classes of microfluidic reactors thus provide unique
and complementary advantages over classical batch synthesis, with a drive towards the rational
synthesis of out-of-equilibrium states for the former, and the preparation of high-quality and complex
nanoparticles with narrow size distributions for the latter.

Keywords: continuous-flow microfluidics; reaction-diffusion; segmented-flow microfluidics;
controlled mixing; crystallization; self-assembly; kinetic control; out-of-equilibrium; pathway
selection; pathway complexity

1. Introduction

In the last two decades, there has been a growing interest in using microfluidic devices for the
synthesis of materials, the main reason being that microfluidic conditions offer significant advantages
over macroscopic laboratory settings: reduced reactant consumption, high surface area to volume ratios,
and improved control over mass and heat transfer are some of their unique assets [1,2]. In general,
microfluidic devices handle reactions at the micro-scale, where some fluidic physical phenomena are
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dramatically different from those observed in macroscopic experiments [3–6]. For example, inside
microfluidic devices, small volumes of reagent can be finely controlled and manipulated, enabling
well-defined and highly reproducible reaction times and mixing conditions—features that have evoked
a significant interest in materials synthesis via microfluidics means [7,8].

Among all of the different microfluidic approaches employed for materials synthesis [9], herein
we will focus our attention on continuous- and segmented-flow microfluidic devices used in the
synthesis of crystalline materials. While those two configurations may not seem radically different at
first glance—for instance, both situations correspond to very low Reynolds (Re) numbers and highly
laminar flow conditions—they rely on fundamentally different processes for combining the reagents.
Due to this apparent similarity, it is not instantly clear how radically different those approaches are,
and this can lead to some confusion when discussing the outcome of such processes. Therefore, in this
perspective, we aim to provide the reader with a unique viewpoint on the major differences between
these two microfluidic configurations, by supporting our discussion with original data reported in
the literature.

Laminar flow conditions present in continuous-flow microfluidic devices allow for a
spatial and temporal control of reactants concentrations only through molecular diffusion
(i.e., a controlled reaction–diffusion (RD) area is accomplished inside the microfluidic channel), while in
segmented-flows (i.e., moving droplets or slugs), mixing is obtained by chaotic advection to achieve
rapid mixing (Table 1 and Figure 1) [9,14]. That is why segmented-flow processes generated inside
microfluidic devices—for which there is no controlled diffusion of reagents, and thus no control
over the concentration gradients—have been used as screening platforms in crystallization process
(e.g., protein crystallization). The fast and efficient homogenization of the reaction medium in these
devices has, for example, facilitated the high throughput synthesis of materials with controlled
morphology and size [15,16], and the isolation and screening of multiple compartmentalized reactions
in microdroplets [17,18]. In sharp contrast, continuous-flow microfluidic devices are experiencing
relentless growth, because kinetic versus thermodynamic control in the formation of reaction
products can be accomplished; a result that can potentially lead to new unprecedented materials
and functions [19].

Table 1. Major differences/advantages for continuous- and segmented-flow microfluidic devices used
for materials synthesis.

Type of
Microfluidic Device Distinctive Features Materials

Synthetized/Morphology

Continuous-flow

—Mixing is slow and achieved only through
molecular diffusion.
—This condition allows to establish controlled
reaction–diffusion (RD) environments.
—The diffusion of reagents is controlled in space
and time avoiding chaotic advection.
—A parabolic profile of fluid velocity vectors
inside the microfluidic channel.
—It is difficult to upscale the synthesis
of materials.

Organic, inorganic, and composite
materials/Continuous fibers
[10,11] and continuous
membranes [12,13] can
be generated.

Segmented-flow

—Reagents can be efficiently mixed on
sub-millisecond time scales via chaotic advection,
and mixing can be programmed.
—The no-slip boundary condition is omitted.
—Consecutive reactions can be synchronized to
synthetize core-shell particles and crystals.
—Multiple reactions can be screened rapidly and
while employing small amounts of reagents.

Organic, inorganic, and composite
materials/This approach does not
allow the formation of continuous
fibers or continuous membranes.

An important goal in material science, and hence for nanotechnology development, is to control
not only the size and shape of the functional materials produced, but their physico-chemical properties.
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Conventionally, materials’ properties are tuned via chemical variations of molecular building blocks,
or by changing reaction conditions (such as temperature, pressure, solvent composition, among others).
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is only driven by molecular diffusion (Table 1 and Figure 1b)—has evoked multiple studies for 
materials synthesis. Since the micro‐fabrication of silver “wires” and inorganic microcrystal arrays 
(e.g., calcite and apatite) in 1999 by the Whitesides group [20], many research laboratories have 
investigated the formation and assembly of a wide variety of materials, ranging from single 
molecular building blocks, such as lipids [7], to large macromolecules (e.g., polymers [21]) in two 
laminar co‐flowing streams or in flow‐focusing microfluidic set‐ups (Figure 2a,b, respectively).  

As we will show in this section, the laminar flow condition found in continuous‐flow 
microfluidic devices enables the controlled formation of what we call tunable and self‐engineered 
reaction–diffusion (RD) environments. RD conditions, generated inside microfluidic channels, mimic 
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specific functions of composite materials. For example, seashells (a composite material) exhibit high 
toughness because calcite crystals and aragonite crystals are generated and oriented out‐of‐plane and 
in‐plane, respectively, via RD environments [22]. In this vein, in 2010, Puigmartí et al. demonstrated 
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Figure 1. Comparison of reactants mixing in segmented- and continuous-flow microfluidic devices.
As shown in this figure, in segmented-flow devices (a), mixing is due to chaotic advection, whereas in
continuous-flow microfluidic devices (b), mixing of reactants is only accomplished through molecular
diffusion. Note that the latter is a unique method for establishing an effective reaction–diffusion (RD)
area, just like the ones present in nature. In the figure, the yellow and blue colors indicate reactants,
the white color the pure solvent area, and in green is the reaction area.

Therefore, it is highly desirable to provide novel tools that can define and guarantee a reproducible
formation pathway for a wide library of experimental conditions, as well as technologies enabling
the isolation of materials far away from the global minimum of Gibbs energy (i.e., to achieve
out-of-equilibrium species). Here, we will show that continuous and segmented-flow microfluidic
devices have emerged as landmark technologies for both (i) the capture of kinetic and metastable
states (continuous-flow), and (ii) the discovery and production of materials with controlled sizes and
shapes (segmented-flow), thus opening new vistas to the materialization of novel structure–property
correlations in existing artificial compounds.

2. Continuous Flow

The turbulence-free condition governing continuous-flow microfluidic devices—where mixing is
only driven by molecular diffusion (Table 1 and Figure 1b)—has evoked multiple studies for materials
synthesis. Since the micro-fabrication of silver “wires” and inorganic microcrystal arrays (e.g., calcite
and apatite) in 1999 by the Whitesides group [20], many research laboratories have investigated the
formation and assembly of a wide variety of materials, ranging from single molecular building blocks,
such as lipids [7], to large macromolecules (e.g., polymers [21]) in two laminar co-flowing streams or
in flow-focusing microfluidic set-ups (Figure 2a,b, respectively).

As we will show in this section, the laminar flow condition found in continuous-flow microfluidic
devices enables the controlled formation of what we call tunable and self-engineered reaction–diffusion
(RD) environments. RD conditions, generated inside microfluidic channels, mimic processes found
in nature that are key to accomplish changes in crystal structures, and hence, in specific functions of
composite materials. For example, seashells (a composite material) exhibit high toughness because
calcite crystals and aragonite crystals are generated and oriented out-of-plane and in-plane, respectively,
via RD environments [22]. In this vein, in 2010, Puigmartí et al. demonstrated that microfluidic
platforms operating under RD conditions can advantageously be used to generate different crystal
packings and morphologies of the same material, just by varying the flow rate ratio (FRR) during
synthesis [23]. The FRR is defined as the ratio between the sheath and reagent flows. In this work,
the authors employed a planar four-inlet microfluidic device, where solutions of tetrathiafulvalene
(TTF) and a gold (Au) salt in acetonitrile were injected in the middle channels, while acetonitrile sheath
flows were used to focus or widen the RD area in the main microfluidic channel, i.e., where the reaction
materialized (Figure 2b). Varying the FRR between 0.1 and 14, significant changes in the shape of the
resulting TTF–Au composite crystals were observed (Figure 2c). While at a low FRR non-uniform
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crystal habits were obtained, after increasing the FRR short wires with large diameters and rod-like
structures were synthetized (Figure 2c). Additionally, at an FRR of 14, thin and long nanowires were
fabricated (ca. 200 nm in width and tens of micrometers in length). Note that these structures could
not be generated in conventional synthetic approaches, such as turbulent bulk mixing experiments.
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Figure 2. Schematic illustrations of (a) two laminar co-flowing streams and (b) a flow-focusing
microfluidic set-up (or hydrodynamic focusing). As in Figure 1, the yellow and blue colors indicate
reactants, white is the pure solvent, and green the reaction area where RD conditions are settled.
In (c) are scanning electron microscopy (SEM) images of TTF–Au composites generated at flow rate
ratios (FRRs) of 0.1, 0.5–2, 10 and 14, with their respective two-dimensional (2D) X-ray diffraction
(XRD) spectra. Each 2D XRD spectra indicates the pi-stacking distance between TTF molecules in the
composite (reproduced with permission from Wiley-VCH [23]). (d) Drawing of a flow-focusing device
incorporating chevrons and SEM images of the poly(methylmethacrylate) PMMA fibers synthetized
(Reproduced with permission from RSC [10]). (e) Transmission electron microscopy (TEM) images
of the coordination polymers (CP) synthetized at different FRRs. Here, the scale bars are 1 µm.
(Reproduced with permission from Wiley-VCH [24]).

Surprisingly, this work also proved that RD conditions can be used as an advanced
micro-engineering tool to guide self-assembly. Indeed, it was demonstrated that different FRRs
led to changes in the crystal structure of the final TTF–Au composites. Herein, the pi-stacking distance
between TTF molecules in the final composite material was modified. These variations in the crystal
structure were only the end result of changes in the flowing conditions during synthesis. Accordingly,
the authors did not have to change the functional groups present in the TTF molecules, nor the
synthetic conditions (solvent, temperature, or pressure) to accomplish different crystal structures and
morphologies in the final TTF–Au composite products.

Control over the size and shape of macromolecules (e.g., polymers) has also been a matter
of intense investigation with continuous-flow microfluidic devices. For example, Ligler and
co-workers demonstrated that the cross-sectional shape of fibers fabricated from a model polymer
(e.g., poly(methylmethacrylate) (PMMA)) can be accurately defined by changing the FRR between
sheath flows and the polymer-laden flow during synthesis (Figure 2d) [10]. In their work, the authors
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made use of hydrodynamic flow-focusing devices, incorporating grooves into the channel walls
that facilitated a controlled deflection of the different fluid streams along the main microfluidic
channel. They observed that this microfluidic sheathing device integrating grooves can produce
PMMA fibers of ca. 300 nm in width or ribbon-shaped PMMA fibers (Figure 2d). The dimensions and
shape of the PMMA fibers described were accurately controlled by the number of grooves and their
configuration (chevron pattern or diagonal) inside the microfluidic channel where the solidification (or
polymerization) occurs.

Recently, continuous-flow microfluidic devices have also been employed for the synthesis of a
new type of covalent organic polymer, also known as covalent organic frameworks (COFs). COFs are
crystalline porous materials that are frequently synthetized under solvothermal conditions, yielding
insoluble and un-processable powders; features that have hindered their widespread application.
In this context, Puigmartí et al. demonstrated that continuous-flow microfluidic devices can circumvent
these limitations associated with COF synthesis. [11] In their seminal work, the authors showed that
continuous-flow microfluidic synthesis enables the generation of COF fibers at room temperature,
and that these can be directly printed in 2D and three-dimensional (3D) structures on a surface.
Surprisingly, they also observed that the COFs synthetized with the microfluidic approach were
formed of interconnected nanoscale fibers that resulted into a 3D microporous sponge-like material,
and that this morphology was completely different from the one obtained under conventional synthetic
methods, where only a powder with a smooth morphology was characterized. Even though RD
conditions are still in their infancy for materials synthesis, their universality was demonstrated with
the synthesis of other functional materials like coordination polymers (CP), with the first contribution
dating back to 2011 [25]. In this case, the authors described the use of continuous-flow microfluidic
devices (with a flow focusing configuration (Figure 2b) to fabricate 1D nanoscaled CPs with an
unprecedented morphology and under exceptional controlled conditions (i.e., parallelized synthesis,
controlled contact time of two reagent streams, controlled diffusion of species, and space localization
of the coordination pathway). For example, they showed that while the bulk synthesis of a CP made
of Ag(I) ions and the amino acid cysteine (Cys) led to membrane-like structures, the microfluidic
synthesis in controlled RD conditions produced long Ag–(I)–Cys nanofibers. Moreover, this effect
was also extended to other CPs, hence showing the generality of this approach to favoring the
supramolecular assembly of long one-dimensional (1D) nanoscale structures under microfluidic RD
environments. These results represent a step forward for the construction of novel metal–organic
supramolecular nano-assemblies based on coordination chemistry, which could unveil new properties
in these materials.

In 2016, the same group showed that not only 1D nanoscale CP structures are generated under
RD conditions, but out-of-equilibrium CP crystal structures can also be accomplished [24]. In this
study, the authors show that the microfluidic synthesis (under RD conditions) of a CP constructed from
Cu(II) ions and 4,4′-bipyridine linkers leads to different crystal habits. For example, they observed
that needles are generated at a high FRR (i.e., at an FRR of 5); partial square crystals at an FRR of 4;
square partially-filled crystals at anFRR of 1; and finally, completely filled square plate-like crystals
are synthesized at an FRR of 0.1 (Figure 2e). Importantly, the authors highlight the fact that only
filled square plate-like crystals are obtained by conventional diffusion or by flask mixing experiments
in macroscopic settings. Accordingly, it was not possible to isolate any of the intermediate crystals
shown in Figure 2e employing known established methods and protocols, such as, for example,
the addition of surfactants during the crystallization process. In a crystallization process, the faces with
a higher energy are the ones determining the crystal growth, morphology, aspect ratio, and the final
crystallographic order. To modify the relative energies of crystal faces is difficult under conventional
synthetic methods—only the addition of chemical impurities like surfactant molecules and polymers
has been shown to be efficient [26]. Additionally, the authors demonstrated in that study that all the
structures generated with the continuous-flow microfluidic device have the same diffraction pattern,
and that it is identical to the one measured for bulk samples.
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Last but not least, we would like to highlight in this section that continuous-flow microfluidic
devices have also found application in the fabrication of molecular-based sieving membranes
(Table 1). Molecular sieving membranes have experienced considerable interest in both industry and
academia, as they can be efficiently used as separation systems in chemistry and petro-chemistry [27].
However, the fabrication costs of these membranes are high, and their production rate is low. In this
vein, Nair et al. showed that a continuous-flow microfluidic device can overcome these barriers by
synthetizing a chemically stable, thermally resistant, and high-performance separation membrane
based on a prototypal metal organic framework (MOF), specifically zeolitic imidazolate framework
(ZIF)-8 [12]. MOFs are a type of porous material constructed from organic ligands linked to metal
ions (or clusters), which that have found application as energy-efficient and environmentally friendly
gas separation matter [28]. Therefore, the implementation of MOFs in membrane-like structures
has increased during the last decade. In their work, the authors demonstrated that the high control
over mass transport and reactant availability during the formation of MOF crystals enabled the
fabrication of a highly efficient molecular sieving MOF membrane, at low cost and with a high
potential for parallelization (i.e., scale-up production). Note that in their approach, the authors
achieved a controlled growth of a ZIF-8 layer inside a porous polymeric and hollow fiber by flowing
the metal ion solution inside the fiber while the organic ligand was supplied by dipping the fiber in
a conventional beaker. Recently, this approach has also been extended. For example, Coronas and
coworkers have demonstrated that the controlled growth of MOF layers inside a hollow polymeric fiber
can be accomplished by pumping both reagents inside the fiber [13]. This method not only reduces the
reactant consumption, but can ensure a better control over the MOF growth, hence facilitating thinner
and more highly-efficient MOF membranes.

3. Segmented-Flow Microfluidics

In a seminal paper in 2001, Thorsen et al. paved the way for modern droplet microfluidic
by demonstrating that it was possible to produce highly stable and ordered streams of droplets
in a T-junction generator [29]. This result spawned a flurry of research efforts focusing on the
use of droplets as well-defined micro-environments in which to carry out reactions [30–35] or
crystallizations [17,18,36–38]. Essentially, many began to see droplets as miniaturized units replacing
conventional batch chemistry glassware, for which the figures of merit (such as mixing efficacy and
the timescale at which one could perform unit operations) were the same as the ones used thus far, but
with the hope of achieving greater control over the process parameters. Indeed, in segmented flow
devices, reagents or compounds of interest can be mixed in minute amounts and compartmentalized.
When studying synthesis or crystallization conditions, this means that one could, in principle, screen a
great number of reaction conditions, using either individual droplets or batches of droplets for each
set of parameters. Moreover, unlike batch chemical approaches, once adequate conditions are found,
one can easily scale up the process (by either parallelization of devices [39] or by simply extending
the operation time) without affecting the reaction conditions, and the high degree of control achieved
at low dimensions would ensure the reproducibility of the process. With those strategies in mind,
the main aspects to consider are (i) the efficiency of the mixing of the reagent streams, and (ii) the
possibility to manipulate the droplet at very high temporal resolution to perform multiple on-chip
unit operations.

In microfluidic systems, due to the very low Re numbers characterizing the flows, mixing cannot
rely on turbulent convection. To produce homogeneous reaction mixtures, an efficient mixing process is
therefore required, and studying mixing and finding conditions in which the process is fast and efficient
was a key focus of microfluidic research in the early 2000s. This can be achieved in continuous-flow
devices by using sophisticated designs, such as striated channels acting as chaotic mixers [43] or
complex 3D chips consisting of a series of split and recombine units that essentially fold the laminated
flow repeatedly [44–46]. In droplet microfluidics, due to the biphasic nature of the flow, mixing occurs
spontaneously, even in simple, straight channels (see Figure 3a) [14,40], and modelling has shown that
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complete mixing is typically observed for a travel length to channel width ratio of 20. For example,
and as shown in Figure 3b, a droplet needs to travel ca. 1 mm inside a 50 µm channel to efficiently mix.
Additionally, one can increase the mixing in a droplet by designing zig-zag channels with sharp turns
that provide enhanced chaotic mixing by alternatively folding the flow in one direction and the other
(see Figure 3c,d) [41,42,47–49]. The mixing efficiency depends critically on many parameters, including
the capillary number (Ca), the ratio of viscosities of the dispersed and the continuous phases, and the
ratio of the drop diameter and the channel width [47]. A few detailed theoretical analyses have allowed
to rationalize the streamlines generated inside microdroplets, [50,51], and to study the influence of
different flow parameters on the mixing efficiency in corrugated channels [47,52]. More specifically,
mixing is more efficient at very low capillary numbers, is optimal for droplet diameters about half as
big as the winding channel widths, and is significantly more efficient when the viscosity ratio between
the two fluids is low (i.e., when the viscosity of the dispersed phase is significantly lower than that of
the continuous phase).

Crystals 2018, 8, x FOR PEER REVIEW  7 of 12 

 

 

  
Figure 3. Spontaneous mixing of droplets flowing in straight channels for different (a) experimental 
(reprinted with permission from [14], copyright 2003 American Chemical Society), and (b) theoretical 
studies (reprinted from [40] with permission from Elsevier). While some mixing occurs reasonably 
fast (i.e., in a few ms) in such conditions, forced chaotic mixing in winding channels has been observed 
experimentally (c) (Copyright Wiley‐VCH Verlag GmbH and Co., KGaA; reproduced with 
permission from [41]) and the mixing dynamics have been confirmed and analyzed in depth by 
theoretical calculations (d) (reprinted from [42], with the permission of AIP Publishing). (e) sequence 
of micrographs of the finite element analysis of the mixing occurring inside a droplet in the winding 
channel shown in (d).  

In microfluidic systems, due to the very low Re numbers characterizing the flows, mixing cannot 
rely on turbulent convection. To produce homogeneous reaction mixtures, an efficient mixing process 
is therefore required, and studying mixing and finding conditions in which the process is fast and 
efficient was a key focus of microfluidic research in the early 2000s. This can be achieved in 
continuous‐flow devices by using sophisticated designs, such as striated channels acting as chaotic 
mixers [43] or complex 3D chips consisting of a series of split and recombine units that essentially 
fold the laminated flow repeatedly [44–46]. In droplet microfluidics, due to the biphasic nature of the 
flow, mixing occurs spontaneously, even in simple, straight channels (see Figure 3a) [14,40], and 
modelling has shown that complete mixing is typically observed for a travel length to channel width 
ratio of 20. For example, and as shown in Figure 3b, a droplet needs to travel ca. 1 mm inside a 50 μm 
channel to efficiently mix. Additionally, one can increase the mixing in a droplet by designing zig‐
zag channels with sharp turns that provide enhanced chaotic mixing by alternatively folding the flow 
in one direction and the other (see Figure 3c,d) [41,42,47–49]. The mixing efficiency depends critically 
on many parameters, including the capillary number (Ca), the ratio of viscosities of the dispersed and 

(e)

Figure 3. Spontaneous mixing of droplets flowing in straight channels for different (a) experimental
(reprinted with permission from [14], copyright 2003 American Chemical Society), and (b) theoretical
studies (reprinted from [40] with permission from Elsevier). While some mixing occurs reasonably
fast (i.e., in a few ms) in such conditions, forced chaotic mixing in winding channels has been
observed experimentally (c) (Copyright Wiley-VCH Verlag GmbH and Co., KGaA; reproduced with
permission from [41]) and the mixing dynamics have been confirmed and analyzed in depth by
theoretical calculations (d) (reprinted from [42], with the permission of AIP Publishing). (e) sequence
of micrographs of the finite element analysis of the mixing occurring inside a droplet in the winding
channel shown in (d).

The possibility of obtaining very fast and reproducible homogenization of the reaction medium
has many important implications. For instance, it has allowed many groups to prepare high-quality
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nanoparticles of many types [30,53]—including MOFs, quantum dots, metallic nanoparticles, porous
zeolites [54], and oxides—with a good rational control over particle sizes [55], as well as with narrower
size dispersion with respect to similar synthesis performed with batch methods and therefore better
defined properties [31,39]. The possibility to work on a very small scale, combined with the ease of in
situ adjustment of the critical experimental parameters (such as the concentration of reagents, the flow
rates, and the residence time), have opened the way to an easy screening of the reaction conditions,
and therefore to improved capabilities in tuning the particle sizes (see Figure 4a) [55].
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Figure 4. (a) Rational control of metal organic framework (MOF) crystal sizes by droplet microfluidics
(adapted with permission from [55], copyright 2013 American Chemical Society). (b) Chip design
and comparative TEM images of the particles of a spin crossover coordination polymer, obtained by
microfluidic (left) and batch (right) syntheses (adapted from [35]). The microfluidic approach yield
nanoparticles with 20-fold downsizing with respect to the batch reaction. (c) Droplet pair generator
(Copyright Wiley-VCH Verlag GmbH and Co. KGaA; reproduced with permission from [56]) and
its application to synthetize monocrystalline iron oxide nanoparticles (copyright Wiley-VCH Verlag
GmbH and Co. KGaA; reproduced with permission from [32]). (d) Rational, sequential synthesis of
cadmium selenide (CdSe) quantum dots by successive injections of reagents inside droplets (adapted
from [57]).

In most cases, there is no major difference in particle size between microfluidic and batch methods,
and the major improvement lies in the control of the size dispersion. However, González et al. [35]
recently reported a microfluidic synthesis of spin-crossover coordination polymer nanoparticles,
using a flow-focusing droplet nozzle, for which the opposite effect was observed. The size dispersion
was essentially similar to that of the batch synthesis conditions, but the authors observed a 20-fold
reduction in the size of the nanocrystals with respect to the same reaction carried out in simple reaction
flasks (see Figure 4b). The reasons for this effect are yet speculative, but they are likely due to either
enhanced mixing conditions, which could prove critical for the compound they produced, due to very
fast reaction kinetics involved, or to complex effects linked to the rate of heterogeneous nucleation
inside micro-droplets. Disentangling those different contributions will likely require a more extensive
analysis of the influence of droplet sizes (that can affect heterogeneous nucleation rates) and the use of
different corrugated channels (to modulate the mixing efficiencies).
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Beyond mixing aspects in droplets formed directly from a co-flowing stream of multiple reagents,
droplet microfluidics also provide a second unique feature that has attracted the interest of the
materials-science community: the possibility to manipulate droplets (i.e., to split or combine them in a
highly controlled manner, and to inject reagents into pre-formed droplets). For instance, Frenz et al.
demonstrated that one can prepare perfectly synchronized droplet pairs with a dual nozzle [56],
and that such droplet pairs could then be fused at will (by destabilizing them with an applied electric
field) to mix the reagents they contain. Using this concept (see Figure 4c), and thanks to the highly
efficient mixing occurring during droplet fusion, the authors were able to synthesize high-quality
monocrystalline iron oxide nanoparticles [32].

Another degree of complexity can be achieved by performing multiple operations—including
multi-step reactions and quenching steps—at the milliseconds timescale, in a single chip,
as demonstrated by the group of Ismagilov [14,31,41]. In particular, the group showed that instead of
preparing separate droplets of reagents and fusing them, one can instead choose to inject a reagent
directly into each individual droplet (or slugs) in a stream, and that such a system self-synchronizes [58].
Such methods have been used by many authors to perform multi-step reactions, including quenching
steps to stop the reactions at the desired stage of growth [31], and to prepare core-shell particles of a
variety of materials including quantum dots [31] and MOFs [34]. However, maybe the most impressive
result with direct injection is a recent work from the deMello group, which used a three-phase droplet
scheme (using air plugs to separate droplets of reagents) to perform multiple additions inside of
streams of droplet microfluidic devices, achieving a good control over successive growth steps in the
continuous preparation of CdSe quantum dots, and thus ensuring great control over their luminescence
properties (see Figure 4d) [57]. This strategy, and the high-quality growth conditions it exhibits, is a
very powerful tool, and it could be extended to the rational engineering of core-shell nanoparticles.

4. Conclusions and Perspectives

Altogether, over the last two decades, continuous-flow and segmented-flow microfluidic
approaches have provided many interesting leads for the synthesis of functional crystalline materials,
thanks to either the extreme control in RD zones yielded by continuous-flow methods, or to the high
convective mixing efficiencies afforded by droplet-based approaches.

Even though continuous-flow microfluidic devices have proven to be an efficient method to mimic
RD environments present in nature, a major challenge will be to use these bio-inspired conditions
to fine-tune the properties of man-made materials just like nature does (e.g., in biomineralization
processes). Indeed, this objective will be accomplished when scientist will have full control over the
energy landscape of a given system. Accordingly, one could decide the pathway that the system
should follow (pathway selection) to obtain a specific state (thermodynamic, kinetic, or metastable)
with a particular property. Recently, most artificial materials produced in laboratories around the
world are obtained at thermodynamic equilibrium, where materials’ properties and functions are fixed.
Therefore, there is a great interest in the scientific community to find new and robust ways to go out
of equilibrium during self-assembly processes. The main reason for this is that out-of-equilibrium
states will not only open new routes to new materials with novel functions, but they will be key to
understanding and unveiling pathway complexity in artificial systems.

Droplet-based synthetic methods have relied heavily on empirical findings, and have paved the
way for a high-quality rational design of particle sizes and shapes, with improved quality factors with
respect to batch methods. Nevertheless, there are still major hurdles to overcome in the understanding
of reactivity and crystallization at the microscale, in order to be able to perform rational syntheses of
new compounds without long empirical adjustments of chip geometries and operating conditions.
In particular, for reactions evidencing fast kinetics of the order of the mixing time (i.e., a few ms),
it is still unclear if the size of the particles can be ultimately controlled by the mixing process itself,
or by the control of the heterogeneous and homogeneous nucleation rates. Beyond those fundamental
aspects, engineering crystalline nanoparticles could, in principle, be done by performing reactions in
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ultra-small droplets (in the micrometer or sub-micrometer range), which poses significant experimental
challenges. Improvement in all of those directions, combined with an exquisite understanding and
control of nucleation and growth conditions, will likely result, in the near future, in the ability to
synthesize core-shell nanocrystals with arbitrary composition, sizes, and dimensions.
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