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Microreactor-based micro/nanomaterials:
fabrication, advances, and outlook

Jianfeng Ran,?° Xuxu Wang,?*° Yuanhong Liu,?* Shaohua Yin, {2 *3° Shiwej Li**°°
and Libo Zhang*®*“

Micro/nanomaterials are widely used in optoelectronics, environmental materials, bioimaging,
agricultural industries, and drug delivery owing to their marvelous features, such as quantum tunneling,
size, surface and boundary, and Coulomb blockade effects. Recently, microreactor technology has
opened up broad prospects for green and sustainable chemical synthesis as a powerful tool for process
intensification and microscale manipulation. This review focuses on recent progress in the microreactor
synthesis of micro/nanomaterials. First, the fabrication and design principles of existing microreactors for
producing micro/nanomaterials are summarized and classified. Afterwards, typical examples are shown
to demonstrate the fabrication of micro/nanomaterials, including metal nanoparticles, inorganic
nonmetallic nanoparticles, organic nanoparticles, Janus particles, and MOFs. Finally, the future research
prospects and key issues of microreactor-based micro/nanomaterials are discussed. In short,
microreactors provide new ideas and methods for the synthesis of micro/nanomaterials, which have
huge potential and inestimable possibilities in large-scale production and scientific research.

Micro/nanomaterial processing, which belongs to the manufacturing and application of materials to achieve industrial product design at the micro- or
nanoscale, is one of the most interesting industries of the 21st century and is considered to have potential as large as the IT and biotechnology fields. However,
the drawback of relative inflexibility in conventional batch-based synthesis methods has led to a growing interest in microfluidic wet-chemical synthesis, which
has enabled the development of continuous manufacturing processes. Microreactor technology has opened up broad prospects for green and sustainable
chemical syntheses as a powerful tool for process intensification and microscale manipulation. This study summarizes the fabrication and design principles of
microreactors and focuses on typical application examples that are widely used in the manufacture of micro/nano materials, including the synthesis of
inorganic, organic, and composite micro/nanomaterials. Finally, an outlook is provided for future research prospects and key issues, including the continued

optimization of microreactor design and processing costs, integration of multifunctional nanomaterials into microreactors, improvement of material synthesis
theory and in situ detection technology at the microscale, and transition from theoretical testing to commercial applications. In short, microreactors provide
new ideas and methods for the synthesis of micro/nanomaterials, which have huge potential and inestimable possibilities in large-scale production and

scientific research.

1. Introduction

To date, a plethora of micro/nanomaterials with easily tunable environmental materials,” bioimaging,

and Coulomb blockade effect." They have an increasingly
significant role in various fields, including optoelectronics,*™®

10712 agricultural indus-
13-15

sizes, structures, and compositions have been exploited tre-
mendously owing to their marvelous features, such as quantum
tunneling effect, size effect, surface and boundary effects,
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tries, and drug delivery."®"® Therefore, micro/nanomaterial
processing belongs to the manufacturing and application of
materials to achieve industrial product design at the micro- or
nanoscale; it is one of the most interesting industries of the 21st
century and is considered to have potential as large as the IT and
biotechnology fields.">*° Traditional preparation methods involve
batch reactions in laboratory fume hoods, which can synthesize
high-quality solid materials in multi-gram quantities without the
need for specialized equipment.”"*> However, the drawback of
relative inflexibility in conventional batch-based synthesis meth-
ods has led to a growing interest in microfluidic wet-chemical
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synthesis, which has enabled the development of continuous
manufacturing processes.

Microfluidics is a system technology and science that sys-
tematically manipulates or processes small (107°-10"'® L)
amounts of liquids using integrated channels with dimensions
of tens to hundreds of micrometers.”® Microreactors are not
only the miniaturization of large reaction platforms but
can also be used to quickly perform multiple reactions and
operations in tiny units. The microreactor represented by the
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microchannel provides an efficient and stable method for the
production of chemical materials, and it has the advantages of
controllable product properties, high recovery rate or selectivity,
small reaction volume, low energy consumption, and consider-
able economic benefits.>*® The development overview of micro/
nanomaterials synthesized by microreactors is shown in Fig. 1.
At the beginning of nanotechnology in 1959, Late Richard
Feynman, a Nobel Prize-winning physicist, made micro-
machining a real boom by defining micrometer-scale motors
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Fe;0, nanoparticle (17-29 nm), giant unilamellar vesicles (25.6-
45.4 um), HMF is oxidized to FDCA, and 2-Chloro-2-
methylbutane (conversion rate: 98%) have been realized by
microreactors 175:200,212,213

Co (2 nm), CsPbX3 (8.6 nm), Poly(N-isopropylacrylamide)
(~400 pum ), itraconazole (ITZ, 130-340 nm), and
tetraphenylethylene (TPE, 9 nm) nanoparticles have been realized
by microreactors |52 170,201,202,204.

Nitrogen-doped carbon dots (N-CDs) (photoluminescence
quantum yield: 73%) has been synthesized by microreactors '¢3.

Cu (4.25 nm), CuCr,0, (192-300 nm), and Ni (6.43-8.76 nm)
nanoparticles have been synthesized by microreactors 41142184,

Pt nanoparticles (1-4 nm), homogeneous MOFs, and core-shell
MOFs have been synthesized by microreactors '3%24°,

Ag (12 nm) and SiO, (88 nm) nanoparticles have been synthesized
by microreactors 3% 191,

BaSO, (15-100 nm) nanoparticles has been synthesized by
microreactors 88,

Au (12 nm), Pd (3.0-5.2 nm), and CdSe-ZnS nanoparticles have
been synthesized by microreactors !27-150:254,

The first describe the synthesis of nanoliposomes '%%.
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Au nanoparticles (50-150 nm), low molar mass polymyrcene,
DED:s (coalescence efficiency: 98%), and the application of
Cu,0/Mo,C/TiO, heterostructures in optofluidic microreactors
have been realized by microreactors !3!-20%211,268,

Cellulose acetate nanoparticle (~10 nm) and the ozonation of
thioanisole to methyl phenyl sulfoxide and cyclohexene to
hexanedial have been realized by microreactors 203210,

Au@Pd (3-5 nm) and a-NaYF4:Yb,Er (6.1-13.4 nm) nanoparticles
have been produced by microreactors '47-258,

UIO-66 nanoparticles (80-110 nm) and selectively functionalize
iodophenyl carbamates in the ortho position have been realized by
microreactors 6% 2%,

Au-Ag nanoparticles (3.5-4.6 nm) and (+)-Nootkatone (conversion
rate: 20%) have been realized by microreactors 148:215,

CeO, nanoparticles (15 nm) and acetone (conversion rate:15%)
have been realized by microreactors 92214,

Give a brief overview of the concept of flash chemistry 2%°.

Nanoliposomes (12 pm) has been synthesized by
Microreactors ',

TiO, (<10 nm), CdSe (2.8-4.2 nm), and CdS nanoparticles have
been synthesized by microreactors 01182185,

“There is plenty of room at the bottom”-Richard Feynman 2°.

Fig.1 The development overview of micro/nanomaterials synthesized by microreactors.

in a lecture titled, “There is plenty of room at the bottom” at
the California Institute of Technology, Pasadena, CA.>”°
Nowadays, microreactor technology has been expanded from
micromachining in a narrow sense to a subject category with a
broad micro concept, including “mTAS” (micro total analysis
systems), “MEMS” (micro electro mechanical systems),
“Lab-On-Chip”, and “BioMEMS”. Systems based on micro-concept
nanodevices, chips, and capillaries have emerged as promising tools
in the fields of chemistry, process engineering, and biotechnology.*
Microreactors have shown mass transfer rates and excellent
heat, and the contact time, interface shape, and size between
fluids can be easily and precisely controlled.*"** In addition, it
has other benefits, such as higher conversion and selectivity,**"**
efficient mixing,*® reduced environmental burden and improved
process safety, through the minimization of solvent and reagent
quantities.*® The basic structure of the microreactor system is a
microchannel, and some additional structures need to be inte-
grated for its functionality. One approach involves using a solid
substrate on which a microchannel is positioned to form a chip
and connecting fluid lines to form a microreactor unit. In general,
microreactor types have been developed for different applications,
including typical reactors (such as capillary reactors, plate
reactors, and laminar flow reactors), parallel and series reactors,
and network reactors (Fig. 2). Tubular microchannels, the sim-
plest and most common type of microchannel, are simple,
straight or curved tubes etched onto a microchip. To enhance
the effect of mixing and separation, various structures can be
integrated into the microchannels, such as nozzle injections,””
micromixers,***° and zigzag flow barriers.”® By simply manipula-
ting the inlet design of the microchannel, various flow patterns
can be obtained. Y-, T- and - are the most common entry design
patterns. However, although these are valuable advantages,

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Microreactor types: (a) typical reactor, (b) parallel and series
reactors, and (c) network reactor.** Copyright 2020, MDPI.

microreactor technology has not been as widely accepted as
expected. This may be because many aspects of this new techno-
logy are covered by patents.*"** The lack of freedom to operate is a
major deterrent on the road to the industrialization of micro-
reactors. Because several of the earlier patents have now expired, it
is time to reassess the potential of microreactors and continuously
operating microfactories.

This study critically provides an overview of the advance-
ments made in the design and modification of microreactor
structures and includes progress in the synthesis of micro/
nanomaterials and their potential applications. Specifically,
it is organized into the following sections: (1) introduction,
(2) fabrication and design principles of microreactors,

Mater. Horiz., 2023, 10, 2343-2372 | 2345


https://doi.org/10.1039/d3mh00329a

Published on 04 May 2023. Downloaded by Y unnan University on 8/14/2025 7:38:47 AM.

Review

a3
et Poe
CsPBOY),@APTES.

View Article Online

Materials Horizons

snuef

Fig. 3 Layout structure of this review. Highlighting the fabrication, design principles and applications of microreactors for the synthesis of inorganic,

organic and composite micro/nanomaterials.

(3) synthesis of micro/nanomaterials by microreactors, and
(4) conclusions and outlook (Fig. 3). We hope that it will
provide useful help or suggestions for researchers in this field.

2. Fabrication and design principles
of microreactors

The vast literature on microreactors may be a barrier for re-
searchers familiar with conventional reactors to enter the field.
To date, many famous companies and universities around the
world have carried out in-depth research on microreactors,
such as IMM (Institute of Microtechnique Mainz, Germany),
Karlsruhe University (Germany), Merck Company (Germany),
Bayer Company (Germany), Siemens Company (Germany), DuPont
Company (USA), MIT (Massachusetts Institute of Technology, USA),
Corning Company (France), Syrris Company (UK), Shell Company
(UK), Tsinghua University (China), DICP (Dalian Institute of
Chemical Physics, China), ECUST (East China University
of Science and Technology), Beijing University of Chemical
Technology (China), and Kunming University of Science and
Technology (China). Thus, the fabrication and design princi-
ples of application-specific microreactors are first systemati-
cally discussed.

2.1. Fabrication of microreactors

The microfluidics market was estimated to be USD 1.6 billion
in 2013.***> With an estimated compound annual growth rate
(CAGR) of 18-29%, the market is expected to grow to USD
8.4-20.4 billion by 2023.** This high growth rate is largely due
to the development of miniaturization and the functional
diversification of reactive platforms. This significant achievement

2346 | Mater. Horiz., 2023,10, 2343-2372

may be attained through innovative and efficient design, the
exploration of new materials suitable for microreactor processing,
and the assembly of multiple unit operations into a single device.
To date, a variety of materials suitable for microreactor processing
have been developed, such as polymers, silicon, metals, stainless
steel, glass, and ceramics. As shown in Fig. 4, microreaction
devices can be classified into two groups: microcapillaries and
chips.*®

Microcapillary reactors are mainly used in chemical pro-
cesses to achieve higher yields and conversions and are usually
fabricated from appropriately sized tubular materials.*”*®
Multiple studies have shown that microcapillary reactors
can enhance heat transfer and mass transfer in reactions.*®
Compared with other materials, the glass-type microcapillary
reactor still maintains high resolution at a tiny scale, which
makes such devices suitable for better control of the synthesis
of emulsions and polymer nanoparticles. However, chip-based
microreactors are fabricated using glass, silicon, or plastic
through wet etching, micromachining, and soft lithography
technology.”®>" Chip-based microreactors usually comprise
multiple microchannels connected by unique structures, which
are used to regulate spatiotemporal changes in tiny fluids.
Similar to microcapillary reactors, glass also provides chip-
type microreactors with the advantage that the reaction process
can be clearly observed, but owing to the difficulty in establishing
structures with high aspect ratios, there are great limitations in
microreactor design. Therefore, the chip-type microreactor has
the advantages of easy regulation of the microfluidic flow rate and
the assembly of a series of unit operations into one reactor.>

Specifically, the current main methods of manufacturing
microreactors include numerical control micromachining,*
laser ablation,® inkjet printing,”> photolithography,”® dry

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 (a) Microcapillary reactor: setup with inserted p-capillary unit and
pu-capillary unit.>® Copyright 2013, Beilstein-Institut Zur Forderung der
Chemischen Wissenschaften. (b) Chip microreactor (CMR) fabricated with
six layers of polyimide films.®® Copyright 2016, The American Association
for the Advancement of Science.

etching,”” and lithography, galvanoformung and abformung
(LIGA) technology.”® Some commonly used technologies for
fabricating microreactors are as follows.

2.1.1. Lithography, galvanoformung and abformung
(LIGA) technology. LIGA technology, first reported at Karlsruhe
nuclear research center in Karlsruhe, Germany, in 1990, is an
important microreactors fabrication process.®'"®* LIGA refers to
lithography, electroplating, and molding, which corresponds to
the acronyms of lithographie, galvanoformung and abformung
in Germany. The application of this technology has proven

View Article Online
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useful based on which microreactors can be easily processed
through various materials, including metallic species, polymer
substances, and plastic materials. As the name lithography
implies, this process is employed in combination with other
groups of light sources, including X-ray radiation and UV light.
X-ray radiation is used for features with a high aspect ratio,
whereas UV light is used for structures with a relatively low
aspect ratio.*®®*® Moreover, to optimize the cost of X-ray-
based lithography, cheaper lithography light sources and mask
manufacturing processes have emerged. For example, laser-
LIGA technology uses an excimer laser as a light source for
lithography,®® and mask making by micro electro-discharge
machining (EDM) technology.®”

Generally, the LIGA technique comprises three phases:
(i) the pattern is transferred to a photoresist (which is typically
a resin-type material placed on an electrically conductive or
conductive coating), (ii) removing the mask and any undesirable
structural layers and electroplating by the short wavelength X-ray
radiations to form a relief structure onto the substrate area,
and (iii) the withdrawal of the excess electrodeposited material
and photoresist or epoxy after metal structures are formed by
photoirradiation.®®*”° The specific steps of LIGA are shown
in Fig. 5.

Microreactors processed by LIGA technology can also be
used in biomedical fields, such as extracting deoxyribonucleic
acid (DNA). Effenhauser et al.”' from Novartis Pharma AG in
Switzerland fabricated a polydimethylsiloxane (PDMS)-silicon-
based microreactor for isolating DNA and creating micro-
channels from the silicon semiconducting substance, followed
by cleaning off the solidified plate. PDMS technology is used to
form an integrated device, and specific processes include
photolithography, electroplating, and molding. However, some
limitations of LIGA technology must be considered, including
the radiation threat to the operator using high-energy X-rays,
the difficulty of managing the multi-step process, and the high
cost of special equipment.

2.1.2. Micromachining technology. The broad concept of
micromachining technology includes various technical routes,

i [ Substrate [ SU-8 ll
O Ti BN —
[ Au
= = vvy
| | B

(a) Seed layer patterning

(b) Spin coating and UV exposure

(c) Mold developing

CO, laser

Fig. 5 The specific steps of LIGA. (a) Seed layer patterning. (b) Spin coating and UV exposure. (c) Mold developing. (d) Nickel electroplating. (e) CO, laser

ablation.”? Copyright 2020, Springer Nature.

This journal is © The Royal Society of Chemistry 2023
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and there are many operating units in the industrial field. The
miniaturization trend of products and their components has
become increasingly obvious in the industrial field, especially
in the construction and application of MEMS, including photo-
lithography, chemical etching, electroplating and LIGA tech-
nology. The practice has found that various microreactors can
be processed by MEMS technology and are then widely used in
the field of chemical analysis or the manufacture of special
chemicals.”*”* They are also widely used in the mass produc-
tion of semiconductors or microelectronics, mainly including
sensors and actuators machined from silicon or parts of metal.
However, as a new category of microfabrication technologies,
non-MEMS or non-lithography-based micro manufacturing has
been rapidly developed in the last two decades. Micro extrusion,
micro mechanical cutting, micro EDM, micro stamping, micro
laser cutting/patting/drilling, micro embossing, and micro injec-
tion moulding are involved in the non-lithography-based micro
manufacturing field. The classification of micromachining
technology is shown in Fig. 6.

Two key technical challenges, such as creating micro-
features and generating micro-/nano-level finished surfaces,
can be employed through micromachining processes. Moreover,
micromachining is a useful technology for creating specific
surface topography, forms that require several sides and spe-
cific geometries, and physically drilling holes in a substance
using an electron beam instrument.”>’® Compared with other
technologies, this technology is used at a lower cost for micro-
reactor production. Specifically, micromilling is readily avail-
able and relatively inexpensive for three-dimensional (3D)
metal fabrication of brass, aluminum, and stainless steel
materials. However, the disadvantages of relatively high rough-
ness, poor surface quality, and a low aspect ratio of micro-
features are worthy of focus. Mechanical precision machining
with tools made of diamond or cubic boron nitride (CBN) is
one of the most suitable techniques for achieving the best

View Article Online
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surface quality.”” However, the overall cost, including tooling
and time required for mechanical precision machining, can be
high. EDM is a promising microreactor manufacturing process
that emerged at the end of the 20th century.”®”° The discharge
of the loaded electrode between the workpiece and the tool
allows excess material on the workpiece to be removed by the
electrical heating process.®” The mechanism of EDM is shown
in Fig. 7, which includes the following stages. In the first stage,
a gap voltage is applied between the electrode and the work-
piece, causing an electric field to appear between them. In the
second stage, the servo controller regulates the gap between
the electrode and the workpiece. The proper distance makes
the electric field more concentrated than the dielectric
strength. Subsequently, the enhanced electric field causes the
dielectric to break down, and an electric spark is generated.
In the third stage, the appearance of the electric spark causes
the plasma channel to be expanded, pushing the ionized
particles to move towards the anode and cathode, and this
process converts kinetic energy into heat. Consequently, high
temperatures ranging from 8000 °C to 12 000 °C are generated
in the plasma column.®”"® Under this condition, affected by
the melting and vaporization produced by the high tempera-
ture, the material begins to fall off from the workpiece, and the
dielectric fluid is also evaporated, producing gases and fumes.
In the final stage, the plasma column disappears, and the
eroded material is redeposited as defects or debris in the
processing cavity, eventually forming the crater. Compared with
ultra-precision micromilling, EDM can achieve better surface
flatness by controlling the machining quality and tool path.
However, it also has drawbacks, such as inaccessible machines
and a slow machining process.

2.1.3. Etching technology. Etching technology includes two
main forms: wet etching (using acid) and dry etching (using
gas), belonging to the field of photochemical technology and is
widely used in processing thin precision metal products.®%

micro manufacturing
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Fig. 7 Working mechanism of the EDM process for the fabrication of microchannel.

Wet etching can be easily implemented on a routine laboratory
scale and is commonly used in glass processing and the
production of microchannels in laminar flow systems, whereas
industrial mass production usually requires dry etching, which
may require a large one-time investment and high maintenance
costs.?” In general, when the material is wet etched, the
processing rate in the vertical and horizontal directions is the
same, while in dry etching, the plasma can be used for
anisotropic processing at a specific position in the etching
chamber. In addition, photosensors are often used in the
etching process of metallic materials. This etching process
involves applying a photosensitive layer mask to the metal to
be processed, where the presence of the molecular layer helps
orient the photosensor to the light source. The primary mask
containing the structural layer is used for exposure, and the
exposed part is then polymerized. To date, various exposure
methods and photosensitive mask materials have been
explored. Then, the unexposed part is directly dissolved in a
chemical solution.®®

The optimal ratio of abundant species in the wet etching
process has been confirmed to be in the range of 0.5-0.6, while
the standard ratio of the dry etching process has not been
determined, as it is one of the most expensive techniques
available. Wet etching is the formation of a half-circular struc-
ture that is visible owing to the use of an isotopic abundance
system. An excellent example of a wet etching process is
illustrated in the Pyrex glass, as shown in Fig. 8(a). In contrast,
various geometric structures with varying aspect ratios can be

This journal is © The Royal Society of Chemistry 2023
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.82 Copyright 2022, Springer Nature.

formed by the dry etching process. Kothare® from Lehigh
University in the USA demonstrated that the construction of
microchannels has a depth range of 200-400 um and a width of
1000 um, while Suryawanshi et al.°® from the National Institute
of Technology in India also illustrated the fabrication of various
microchannel sizes and forms to synthesize nanoparticles
>5 nm at a flow rate of 14 pL s~ ', as shown in Fig. 8(b) and
(c). The core is still in contact with the reactant through the
substrate in these processes, so the wet etching process is
principally identical and independent of crystalline orientation.

Furthermore, selectivity is a vital influencing factor during
these processes, which means that there is a strong relation-
ship between the printing rate and the raw material to be
processed. Selectivity varies mainly between the photosensor
and the raw material in wet etching, so the material can be
etched at different rates in certain directions, resulting in two
main forms: anisotropic and isotropic etching. The former means
that the plasma etches vertically in one direction, whereas the
latter means that the plasma etches in all directions.”>** Both of
the above printing and etching methods have been implemented
in Thierry’s low-pressure plasma system.”*® For wet etching,
such as etching silicon on semiconductor material substances, an
etchant is preferred. Anisotropic wet etching is an important
process for fabricating nanostructures that are widely used in
silicon-based devices.””® Tetramethyl ammonium hydroxide
(TMAH) and potassium hydroxide (KOH) solutions are considered
the most commonly used anisotropic etchants in the semi-
conductor industry. Hydrofluoric (HF) acid/nitric acid (HNO3)

Mater. Horiz., 2023,10, 2343-2372 | 2349
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Fig. 8 (a) Enlarged view of the microreactor showing the network of
microchannels etched in Pyrex glass.®* Copyright 2020, MDPI. (b) View of
the final microreactor device.®? Copyright 2006, Elsevier. (c) Nanoparticle
size and crystallinity observed by TEM and SAED in a continuous flow
microreactor.°® Copyright 2016, Elsevier.

mixtures are the most common isotropic etchant for silicon
wafers and have been widely used to eliminate saw-damage and
create MEMS structures, including deep holes and channels.”®"*
In summary, the advantages and disadvantages of various fabrica-
tion technologies for microreactors are compared, as shown in
Table 1.

2.2. Design principles of microreactors

Such microreactors for chemical synthesis are often difficult
to accept owing to some conceptualization principles, implying
a different schematic basis for microreactor scale-up, which
is usually laminar continuous flow. The batch information
of process designs makes it easy to minimize problems and
meet industrial requirements. Additionally, complex chemical
reactions can be carried out using microreactors; therefore,
they are preferable for industrial large-scale production of
synthetic materials or chemicals. This is due to the ability of
microreactors to operate on the concept of small surface areas,

Table 1 Comparison of various fabrication technologies for microreactors
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which means that the frequency of molecular collisions is
kinetically and significantly increased, ultimately speeding up
the production of products. Broadly, these complex chemical
reactions carried out in microreactors usually involve multiple
phase states that do not mix, which can be divided into liquid-
liquid reactions®”'*"'%% and gas-liquid reactions.'® % However,
the mixing process in microchannels of small volume is not
governed by the same laws as macroscale mixing but instead
mainly occurs in chaotic advection and involves a laminar regime.
The functional design of the microreactor elements used can
greatly influence mixing efficiency.

Based on the existence of interexternal bonding powers and
mechanical agitation, the mixing that occurs in microreactors
can be categorized into two types: passive and active mixing.'** "%
Active mixing operates often involve kinetic energy-based
disturbance energies, such as electrokinetic, acoustic waves,
electrowetting, magnetic, and electromagnetic, so special require-
ments are placed on the structural design of microchannels."* ™"
Acoustic streaming produced by cavitation is effective for mixing
with ultrasonic applications because it causes flow agitation.
In particular, sonolysis causes microbubbles in the liquid to
rupture owing to cavitation and creates microjets and flows,
which enhance mixing. With the cooperation of Universiti Malay-
sia Sarawak (UNIMAS, Malaysia) and Shibaura Institute of Tech-
nology (Japan), Mahmud et al.""* reported the effect of ultrasonic
and thermal energies on the mixing of microfluidics and showed
that both factors are potentially useful in mixing; at Reynolds
numbers (Re) between 5 and 100, the mixing efficiency of the
ultrasonic mixer increases from 6% to 10% as the temperature
increases from 30 °C to 60 °C, and the qualitative images of the
experimental results are shown in Fig. 9(a), respectively. Addition-
ally, the application of a magnetic field achieves the purpose of
rapid mixing, which mainly acts on magnetic beads by stirring the
fluid with the magnetic field. Shyam et al'® from the Indian
Institute of Technology in India reported the mixing of ferromag-
netic droplets with nonmagnetic miscible fluids in the presence of
a time-varying magnetic field, and they showed that magnetic
nanoparticles exhibit complex spatiotemporal motions within the
ferrofluid droplet domain in a transient magnetic forcing environ-
ment, thus improving mixing efficiency in the convective mixing
region. Under the influence of various magnetic field frequencies,
the variation vorticity contours in the ferrofluid droplet flow field

Category Advantages

Disadvantages

LIGA Higher processing precision
Higher processing efficiency
Wider range of applications
MEMS (lithography-based) Lower processing cost

Non-MEMS (non-lithography-based) Better surface flatness
Wet etching
Faster processing speed
Dry etching
Higher processing precision
Easier to realize automation

2350 | Mater. Horiz., 2023, 10, 2343-2372

More suitable for routine laboratory scale

More suitable for industrial mass production

Higher radiation threat from high-energy X-rays
More difficulty in managing multi-step processes
Higher cost of special equipment

Poor surface quality

Lower aspect ratio

Inaccessible to machines

Slower processing

More difficult to control the shape

More serious environmental pollution

Larger one-time investment

Higher maintenance costs
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Fig. 9 (a) Captured mixing images and mixing index of micromixer using 40 kHz ultrasound at 30 °C (left) and 60 °C (right) for Re = 5, 40 and 100
(image size: 250 x 174 pm?).1*2 Copyright 2021, MDPI. (b) Plot depicting the temporal variation in the vorticity contours for the various magnetic field
frequencies of 0.3 Hz, 1 Hz, 3 Hz, and 5 Hz. The red arrows indicate the streamlines of the flow. The plot shows the vorticity flow field when the right

magnet is in ON state.!*® Copyright 2021, Cambridge University Press.

are shown in Fig. 9(b). It is found that the vorticity is maximum at
3 Hz, which agrees with the experimental phenomenon.
However, based on the mechanism of diffusion, passive
technologies increase the contact area by stretching or layering
the fluid."**"'® Passive mixing is a better process for multi-
layer micro-mixing systems in the industry, which can signifi-
cantly improve the yield of chemical synthesis. Passive methods
generate secondary flow by designing complex channel geo-

This journal is © The Royal Society of Chemistry 2023

metries to improve the efficiency of multiphase micromixing,
which mainly includes pattern design in the channel, obstacle
filling in the channel, and various channel geometries, such as
serpentine. Through the passive enhanced fluid mixing of
chaotic advection, Liu et al.''” from the University of Illinois
in the USA proposed a design of a three-dimensional serpentine
microchannel, as shown in Fig. 10(a). They found that when Re
is 70, the phenolphthalein produced by the serpentine channel
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simple arc microchannels (channel 1), arc microchannels with sharp corners located on external walls (channel 2) and asymmetrically located on both
side walls (channel 3).1® Copyright 2021 IOP, Publishing Ltd. (c) Staggered herringbone mixer (SHM).}*® Copyright 2002, The American Association for

the Advancement of Science.

is 16 times that of the straight channel and 1.6 times that of
the square-wave channel. The mixing rate in the serpentine
channel at high Re agrees with the occurrence of chaotic
advection. Visualization of the interface formed in the channel
between the water stream and the ethanol revealed that mixing
is a combination of diffusion and fluid agitation. With the
cooperation of Xi’an Jiaotong University (China) and the Uni-
versity of Akron (USA), Huang et al.’*® proposed a novel micro-
fluidic device for efficient passive mixing, that is, a series of
sharp corner structures designed on the side wall of an
arc microchannel, as shown in Fig. 10(b). They demonstrated
that compared with the simple arc microchannel, the three-
dimensional vortices are created in the arc microchannels with
sharp corners. Further, chaotic advection and molecule diffu-
sion are significantly enhanced. Consequently, the mixing
efficiency of the fluid can reach from ~87% to 92% when the
Re is in the range of 3.0-24.2. In addition, the effect of obstacle

2352 | Mater. Horiz., 2023,10, 2343-2372

position on mixing within the curved channel is investigated,
and it is shown that obstacles on the outer side walls can
induce better mixing than obstacles located asymmetrically on
both sides. Stroock et al.'*® from Harvard University in the USA
illustrated a design scheme of interlaced herringbone patterns
embedded in microchannels, as shown in Fig. 10(c). They
observed that the mixing efficiency could reach about 90% at
a higher Peclet number and a channel distance of 1.7 cm,
suggesting that the staggered herringbone design can be used
to generate chaotic flow in environments other than pressure-
driven flow in microchannels. Specifically, the geometric asym-
metry of the structure leads to the rotation and extension of the
local flow and the switching of the flow centerline, resulting in
chaotic flow and significantly improved mixing efficiency.
Nowadays, analytical simulations of operating processes in
microreactors are usually performed using various computer
software."***** For a given chemical reaction, the microchannel

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3mh00329a

Published on 04 May 2023. Downloaded by Y unnan University on 8/14/2025 7:38:47 AM.

Materials Horizons

size and flow rate of some specific microreactors can be simulated
by computer technology to solve complex multiphysics problems
on the length scale of microreactors. Such software, including
CoventorWare, computational fluid dynamics (CFD)-ACE+,
Fluent, and COMSOL Multiphysics, is used to study liquid-fluid
behavior in microreactors under various geometries, solve numer-
ical equations describing microreactor systems, and optimize by
combining all model systems. These computer software programs
make the design of small reactors simpler and more accurate, so
they significantly reduce labor costs in the industry, thus promot-
ing the large-scale application of microreactors. However, micro-
reactors, which are usually operated as continuous flow systems,
in which the dynamic balance of heat and mass transfer must be
considered. Currently, the production of microreactors has
become much simpler. If parameters regarding heat transfer,
mass transfer, momentum transfer, and kinetic equations are
properly entered into the software, the output of microreactor
details and chemical reaction conditions becomes very detailed.
In addition, boundary methods, including finite element, volume,
and part strategies, are used to specify initial and boundary
conditions, which are subsequently translated into computer-
based codes. This operation helps refine the fundamentals of
microreactors, including mathematical prototypes, and linear
kinetics, including continuous laminar flow. Then, a means needs
to be provided to parse the desired microreactor-related simula-
tion results. Finally, the optimal design process of the micro-
reactor is proposed, and the corresponding processing is carried
out. Early in the 21st century, Ferziger et al'*® from Stanford
University in the USA described these methods in great detail and
discussed many examples such that their work has been called a
guide to numerical methods for solving fluid dynamics problems.
In this book, they describe in detail the most widely used
discretization and solution methods, which are also found in
most commercial CFD programs. Some advanced topics, such as
moving meshes, turbulent flow simulations, calculations of free
surface flows, multigrid methods and parallel computing, are also
covered. In short, it is definitely a great pioneering work in this
field that computers are widely used in the analysis of the
operation process of microreactors, greatly speeding up the design
and large-scale application of microreactors.

3. Synthesis of micro/nanomaterials by
microreactors

Compared with their macroscopic materials, micro/nano-
materials owing to the size difference exhibit various physical,
chemical, optical, and mechanical properties and have great
application potential in many aspects. The micro/nanomaterial
synthesis system based on microreactors can provide an inte-
grated platform that integrates design, synthesis and detection.
From the perspective of physical and chemical properties,
micro/nanomaterials can be divided into three categories:
inorganic, organic and composite materials. Thus far, micro-
reactors have been widely used in the synthesis of these three
types of micro/nanomaterials.

This journal is © The Royal Society of Chemistry 2023
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3.1. Synthesis of inorganic micro/nanomaterials

3.1.1. Metal micro/nanomaterials. Metal micro/nano-
materials, such as gold (Au), silver (Ag), copper (Cu), platinum
(Pt), and palladium (Pd), have attracted considerable attention
in the past few decades due to their size- and shape-dependent
properties and have a substantial impact on a broad range of
applications, such as electronics, optics, catalysis, biomedicine,
and sensors.">*""*® However, they are difficult to prepare into
the desired particle size distribution using traditional methods
because they often suffer from agglomeration and precipitation
owing to the principle of energy minimum. However, the
physical and chemical properties of synthesized micro/nano-
materials significantly depend on their special structures.
Therefore, heat and mass control play an important role in
the formation of metallic micro/nanomaterials. In summary,
microreactors can provide important assistance for the synth-
esis of micro/nanomaterials because of their tiny size structures
with fast heat and mass transfer characteristics.

The synthesis and modification of Au micro/nanomaterials
have been researched by multiple institutes around the world.
Wanger et al.'>”"?° from the Technical University of Ilmenau in
Germany provided various methods for synthesizing Au nano-
particles. First, they successfully prepared Au nanoparticles
with diameters ranging from 15 to 24 nm in a chip-based
interdiffusion microreactor using ascorbic acid as the reducing
agent, 12 nm seeds as the nucleation center, and polyvinyl
pyrrolidone (PVP) as a particle stabilizer, as shown in Fig. 11(a).
The size of the produced Au nanoparticles is affected by various
factors during this process, such as the flow rate and concen-
tration ratio of reactants and the order of reactant addition.
The diameter of the nanoparticles increases as the flow rate
decreases, and it is possible to grow only when the seed
concentration does not exceed the concentration of Au®*.
Second, they also directly synthesized Au nanoparticles (5-50 nm)
from a gold salt (HAuCl,) and reducing agent (ascorbic acid) in a
glass-silicon microreactor under continuous flow conditions, as
shown in Fig. 11(b). When ¢(PVP) = 0.25%, pH = 9.5, ¢(HAuCl,) =
1 mM, c(ascorbic acid) = 20 mM, and a total flow rate of
2000 uL min~ ", the average diameter of the Au nanoparticles
is 5.6 nm. They provided two methods for suppressing reactor
fouling: silanization of the reactor and working at an elevated
pH. Silanization of the reactor results in a hydrophobic surface,
making the surface less wettable and thus inhibiting reactor
fouling. Moreover, working at an elevated pH, the net negative
charges on the particles and the inner surfaces of the reactor
repel each other, resulting in less deposition. Third, they also
presented a new method for the production of Au nanoparticles
in a microfluidic system. Through the direct reduction of
chloroauric acid and borohydride, Au nanoparticles with a
mean diameter of about 4 nm are obtained at flow rates
between 200 uL min ' and 4 mL min ' at room temperature
without obvious fouling of the reactor. The average size of Au
nanoparticles hardly changes in a comparable high flow rate
range, indicating that the nucleation conditions of particles in
this study are independent of the flow rate. However, the
increased dilution of tetrachloroaurate and borohydride makes
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Fig. 11 (a) Photograph of the microchannel reactor and AFM image of 12 nm Au seeds.’?” Copyright 2004, Elsevier. (b) Schematic drawing of the
connectivity of the IPHT microreactor and SEM image of 5-50 nm Au nanoparticles.*?® Copyright 2005, American Chemical Society. (c) Schematic of the
experimental set-up used for the passivated Turkevich flow synthesis and TEM micrographs of ~11 nm Au nanoparticles.™*® Copyright 2020, Royal
Society of Chemistry. (d) High-throughput centrifugal microdevice and the morphology change of 50-150 nm Au nanoparticles.**! Copyright 2023,

Elsevier.

the average diameter of the particles smaller. The growth rate is
slower at lower concentrations, which means that it is harder to
reach the nucleation threshold, increasing the nucleation
number. Therefore, a generalized reaction equation for nuclea-
tion is proposed as follows:

a[M,]' + R - [M,L,,]* " + R + (na — m)L, (1)

2354 | Mater. Horiz., 2023, 10, 2343-2372

where M, R and L represent metal, reducing agent, and ligand,
respectively; a, m, and n represent stoichiometric coefficients.

Recently, Panariello et al."*° from University College London
in the UK developed a flow microreactor to synthesize highly
reproducible Au nanoparticles through well-established
Turkevich synthesis, as shown in Fig. 11(c). The Au precursor
is passivated for ~24 h to become p_Au(m) before adding

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1039/d3mh00329a

Published on 04 May 2023. Downloaded by Y unnan University on 8/14/2025 7:38:47 AM.

Materials Horizons

NaOH for the passivated Turkevich batch synthesis. It is found
that when the synthesis temperature is 90 °C, [p_Au(m)] =
0.2 mM, [citric acid]/[p_Au(m)] = 12, ~11 nm monodisperse,
Au nanoparticle can be synthesized, and its RSD (the ratio
between the standard deviation and the average size) is about
10%. The pH adjustment is necessary because the ligand and
the metal can be exchanged in the alkaline system, redistribu-
ting AuCl,” into different hydroxylated forms, as shown in

eqn (2)-(5):

AuCl,” + OH™ = AuCl;(OH)™ + Cl~ )
AuCl;” + OH™ == AuCl,(OH),” + Cl~ 3)
AuClL,(OH),” + OH™ = AuCI(OH);™ + CI~ (4)
AuCI(OH);~ + OH™ = Au(OH),” + Cl~ (5)

Nguyen et al'®' from Kyung Hee University in Korea
designed a novel automated synthesis platform that is capable
of 60 different reactions and can generate Au nanoparticles
with diameters between 50 and 150 nm, as depicted in Fig. 11(d).
Through this platform, different shapes of Au nanoparticles, such
as spherical, triangular, quadrilateral, polyhedral, and star, can be
prepared with different concentrations of ascorbic acid. This is
because the high concentration of ascorbic acid can accelerate the
reduction process and prevent the surfactant from adhering to the
{111} Au facets, resulting in disordered multi-spiked particles.
Additionally, excess ascorbic acid can suppress the number of
positive charges on the growing seeds and accelerate the transfer
of Au atoms from facets {110} to facets {111}. Their study high-
lights the feasibility of synthesizing high-performance micro/
nanomaterials via centrifugal microfluidic devices and their
great applicability in the discovery of new nanomaterials, drug
screening, and biodiagnostics.

Zhang et al."** from Yunnan University in China introduced
a new method for the synthesis of monodisperse Au nano-
particles with diameters below 10 nm, mainly through a simple
and efficient microreactor based on a microfluidic chip and a
liquid peristaltic pump. It is found that the best experimental
results can be obtained when the temperature is 100 °C, the
flow ratio is 5:3, and the total flow is 0.2 mL min".

Additionally, Ag nanoparticles are mainly used in photo-
graphic reactions, catalysis and chemical analysis."**™"* Night-
ingale et al'*® from Imperial College London in the UK
proposed a general-purpose capillary-based droplet reactor
with a main capillary diameter of 0.82 mm and a distance of
20 cm from the droplet formation point to the capillary outlet.
Using this microreactor, silver nitrate (AgNO3) is reduced with
sodium borohydride (NaBH,) at room temperature, and Ag
nanoparticles with an average particle size of 12 £ 4 nm are
synthesized. They also successfully synthesized titanium oxide
(TiO,) and cadmium selenide (CdSe) nanoparticles using the
reactor, and both operated stably and without fouling for
several hours. Lintag et al'®’ from the University of the
Philippines in the Philippines prepared Ag nanoparticles
with an average size of 24 nm using PDMS microreactors
with 0.001 M AgNO; and 0.002 M NaBH, as raw materials.

This journal is © The Royal Society of Chemistry 2023
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The particle size distribution at the microscale is narrower than
that at the macroscale, indicating that the Ag nanoparticles
formed in the microreactor are more uniform and mono-
disperse. The technology is 50-fold lower than the existing
commercial technology from the production cost analysis.

With the cooperation of the AGH University of Science and
Technology (Poland) and the University of Adelaide (Australia),
Wojnicki et al.™*® successfully synthesized 4H and 2H Ag
nanoparticles with hexagonal structures and an average particle
size of 4.4 + 1.3 nm through a continuous-flow two-phase
microdroplet system using a chemical approach and a diffusion
rate-limiting step for the first time, as shown in Fig. 12(a).
Peclet number (Pe) is about 2.8 x 10” in the microflow reactor
compared to the batch reactor, confirming the contribution of
convection to mass transfer.

Baumgard et al.™*° from Universitit Rostock in Germany
successfully synthesized Pt nanoparticles with an average dia-
meter of 1-4 nm in three special microreactors using H,PtClg as
a metal precursor and ethylene glycol as a solvent and reducing
agent, as shown in Fig. 12(b). Further, it is found that the
particle size of Pt nanoparticles formed inside the microstruc-
ture can be controlled by the ratio of NaOH/Pt. The Pt nano-
particles are dominated by the nucleation process at a high
NaOH/Pt-ratio, and their average particle size is found to be
smaller than 1.7 nm. However, they are dominated by the
growth process at a low NaOH/Pt-ratio, and their average
particle size is enlarged to around 3.6 nm.

Additionally, to promote the application of microreactors
in the synthesis of metal nanoparticles, members of our
team, such as Xu et al.,"***? conducted several studies. First,
they prepared Cu nanoparticles with an average diameter of
14.15 nm at room temperature using NaBH, to reduce the
copper sulfate (CuSO,) solution, as shown in eqn (6). The
T-shaped microreactor used is made of LIGA-treated PDMS
with a length, width, and height of 10 mm, 200 mm, and
30 mm, respectively. Second, they also produced Cu nanocolloids
with an average diameter of 4.25 nm at room temperature
(25 £ 2 °C), putting CuSO, solution and NaBH, solution into
a T-shaped microreactor (stainless steel, IMM, Germany) with a
diameter of 1/16 inch. Third, they also synthesized Ni nano-
particles with a face-centered cubic (FCC) structure at 80 °C in a
T-shaped continuous flow microreactor using nickel sulfate
(NiSO,) and hydrazine (N,H,) as raw materials, as shown in
Fig. 12(c). The microchannel is composed of a 1/16 inch
(1.58 mm) tee joint (stainless steel) that allows two liquids to
react at a high-velocity flow at a millimeter-scale interface.
When the flow rate increases from 15 mL min~ ' to 35 mL min ™},
the average particle size of Ni nanoparticles decreases from
8.76 nm to 6.43 nm.

4Cu®" + BH, +80H ™ =4Cu + B(OH),” + 4H,0  (6)

Nowadays, bimetallic nanoparticles, excellent candidates for
applications in catalysis, plasmonics, nanomedicine, etc., owe
their excellent performance to properties that depend on the
overall nanoparticle structure (ie., the relative distribution
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Fig. 12 (a) Ag nanoparticles with a hexagonal structure synthesized in a continuous-flow two-phase microdroplet system.**® Copyright 2020, Elsevier.
(b) Three special microreactors for the synthesis of 1-4 nm Pt nanoparticles.° Copyright 2013 Elsevier. (c) Ni nanoparticles with an FCC structure
synthesized by employing a T-shaped continuous flow microreactor.}*? Copyright 2015, Elsevier. (d) Au—Pd nanoparticles with various shapes, such as
sharp-branched octopods and core@shell octahedra, synthesized in a continuous-flow droplet reactor.*® Copyright 2018, Royal Society of Chemistry.

state of the two metals)."**™*° Santana et al.*® from Indiana

University in the USA reported various methods for synthe-
sizing bimetallic nanoparticles. First, they synthesized Au-Pd
nanoparticles with various shapes, such as sharp-branched
octopods and core@shell octahedra, using a continuous-flow
droplet reactor in the presence of capping agent cetyltrimethyl-
ammonium bromide (CTAB) and reducing agent r-ascorbic
acid (r-aa), as shown in Fig. 12(d). Six syringes are placed on

2356 | Mater. Horiz., 2023,10, 2343-2372

six syringe pumps during sample preparation through silica
capillaries into polytetrafluoroethylene (PTFE) tubing at the
injector site. This study provides an innovative idea for the
shape design of nanomaterials, which differs from traditional
methods, that is, the particle morphology can be changed
online by adjusting the relative flow of reagents in the micro-
reactor. Second, they have integrated two microreactors to
achieve the synthesis of bimetallic nanoparticles under

This journal is © The Royal Society of Chemistry 2023
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Table 2 Other metal micro/nanomaterials synthesized by microreactors

Nanoparticle Flow rate Residence
Product size (nm) Mixers type (mL min™") time (s) Ref
Au@Pd 3-5 Microchannel 6 8 147
Au-Ag  3.5-4.6 Microchannel 200 puL min™' — 148
Ni 60-114 Caterpillar mixer 8 3.9 149
Pd 3.0-5.2 Microchannel 380 uL min™' — 150
Pd 4.4 Microchannel 132 mLh™' — 151
Co 2.0 Microchannel 0.1 18 152

structure control, including branched Pd-Pt and core@shell
Pd@Au nanoparticles. Both are achieved by synthesizing Pd
nanocubic particles in the first part of the duo-microreactor,
which are then used as seeds for Pt or Au deposition. The duo-
microreactor uses six syringes connected to PTFE tubing by
silica capillaries. This microreactor has the advantage of achiev-
ing bimetallic particle architecture, shape and size control, and
it is expected to be applied to other bimetallic nanoparticle
synthesis systems. Additionally, other metal micro/nanomaterials,
such as Au@Pd, Ni, and Pd, have been successfully synthesized by
microreactors, as shown in Table 2. In general, it can be observed
that microreactors have huge potential advantages in the syn-
thesis of metal micro/nanomaterials and will surely play a key role
in future scientific development.

3.1.2. Inorganic nonmetallic micro/nanomaterials. Inorganic
nonmetallic micro/nanomaterials have been widely used in struc-
tural materials and functional materials owing to their excellent
properties, such as biomedicine, aerospace, optoelectronics,
environmental protection and building materials.">*™*>> However,
the process of synthesizing inorganic nonmetallic micro/nano-
materials by conventional methods may be dangerous, complex,
and time- and reagent-consuming. Further, external reaction
parameters must also be considered because they play a key role
in the uniform reaction for the fine synthesis of micro/nano-
materials. The microreactor structure has been proposed as an
innovative engineering tool that provides a fluidic network for
creating a large-scale synthesis of nanoparticles, and it is widely
used in various industrial and academic fields.

As a key component in the application field of inorganic
nonmetallic micro/nanomaterials, semiconductors possess
tunable physicochemical properties, such as optical, electronic
and surface properties.">*"*® Quantum dots (QDs) are typical
semiconductor nanoparticles, also known as “artificial atoms”,
“superlattices”, “superatoms” or “quantum dot atoms”, which
are used in the fields of electrical, optical, electronic and optical
fiber networks. QDs refer to semiconductor nanostructures that
trap excitons in three spatial directions usually formed from
binary compounds, such as CdSe, zinc sulfide (ZnS), cadmium
telluride (CdTe), and cadmium sulfide (CdS)."*'*® To date,
there have been many studies on the synthesis of QDs with
excellent properties.

Edel et al.'®" from Imperial College of Science in the UK
synthesized CdS nanoparticles from cadmium nitrate tetra-
hydrate (Cd(NO;),-4H,0) and sodium sulfide (Na,S) using a
continuous flow microreactor. The microfluidic chip has an
internal volume of 600 nL and is a bilayer device consisting of a

This journal is © The Royal Society of Chemistry 2023
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glass/silicon/glass interlayer whose two inlet streams are split
into a series of independent multichannel streams (16 splits).
The facile synthesis and control of the size and monodispersity
of certain nanoparticles are demonstrated using a continuous-
flow microreactor, which can overcome the complexity of
conventional processes.

Kikkeri et al.'®® from Max Planck Inst in Germany estab-
lished a single-phase microfluidic system based on the Syrris
microreactor, which is used to synthesize highly luminescent,
surface-functionalized CdSe and CdTe nanoparticles. For the
synthesis of functionalized QDs, the traditional batch process
requires 250-300 °C, but the microfluidic system only requires
160 °C, which significantly reduces the difficulty of the reaction.
The lower reaction temperature results in a narrower particle size
distribution; herein, the process enables the large-scale, reprodu-
cible, and efficient preparation of nanoparticles.

With the cooperation of the South China University of Tech-
nology (China), University of California, Santa Cruz (USA),
Karlsruhe Institute of Technology (Germany), and Chongqing
University (China), Rao et al'®® successfully synthesized
nitrogen-doped carbon dots (N-CDs) with a photoluminescence
quantum yield (PLQY) of 73% using copper fibers with different
porosities to construct a porous copper fiber microreactor,
as shown in Fig. 13(a). The optimal process conditions for
synthesis are a reaction temperature of 210 °C, a flow rate of
20 mL min ', an ethylenediamine (EDA) dosage of 1.0 mL, and
a copper fiber porosity of 98%. The addition of copper fibers
doubles the PLQY of nanoparticles. The discovery of zero-
dimensional carbonaceous nanostructures known as carbon
dots (CDs) and their unique properties related to fluorescence,
quantum confinement and size effects has attracted the inter-
est of researchers.

Hebbar et al.'®* from Manipal Acad Higher Educ in India
outlined the enhancement of CD synthesis, characterization,
application in pollutant detection and photocatalysis, and
potential areas for improvement by adding natural carbon
precursors or developing microreactor-based techniques.

Perovskite, which emerged in 2012, is called the next-
generation quantum dot material.'®>™'®” It generally refers to
a material described by the formula ABX;, where X is an anion
and A and B are cations of different sizes (A is larger than
B).'®®'%° There have been several related reports on the syn-
thesis of perovskite QDs by microreactors.

With the cooperation of Inha University (Korea), Ajou Uni-
versity (Korea), Kyung Hee University (Korea), and Georgia
Institute of Technology (USA), Kang et al'’® successfully
synthesized CsPbX; perovskite nanocrystals with a mean parti-
cle diameter of 8.60 + 0.72 nm, integrating two microfluidic
reactors and heating blocks into a microfluidic operating
system in series, as shown in Fig. 13(b). The as-synthesized
CsPbBr; nanoparticles are monodisperse with cubic structure
and high crystallinity with a lattice distance of ~0.58 nm,
which are usually formed by regular self-assembled aggregates.
The microfluidic system has the advantages of a large specific
surface area, a high mixing and mass transfer rate, and simple
operation. Herein, it can be used to finely control anion
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exchange reactions and has great application potential in the Geng et al.”’"™'”” from Tsinghua University in China have
large-scale production of perovskite QDs. conducted many studies on the synthesis of cesium lead halide
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perovskite (CHLP) nanocrystals. However, they have system-
atically prepared CsPbCl; (9.0 £ 1.0 nm), CsPbBr; (8.0 +
1.0 nm), and CsPbl; (13.0 + 1.5 nm) nanoparticles based on
a droplet microreactor, whose nucleation and growth processes
can be precisely controlled within a range of 130 nL. CsPbBr;
nanoparticles synthesized based on this system have a high
PLQY of up to 87%, which is far superior to nanocrystals
synthesized by other microfluidic systems. Compared with
traditional synthetic methods, microreactor-based techno-
logy can increase the concentration of reactant precursors by
3-116 times while reducing the ratio of ligand to reactant to as
low as 2-50% and improving the theoretical yield of single
reaction 2-61.5 times. They also proposed solutions to the
problems faced in the development of cesium lead halide
perovskite (CHLP) nanocrystals, which greatly promote the
industrial development of perovskite nanocrystals. First, an
efficient droplet-based microreactor system (DBMS) is designed
by ligand engineering to complete the scale-up production of
CLHP nanocrystals and obtain 0.26 g high-purity nanocrystal
powders (reaction temperature: 140 °C, residence time: 8.26 s),
as shown in Fig. 13(c). Second, using 3-aminopropyl trieth-
oxysilane (APTES) as a basic ligand, CLHP nanocrystals that are
stable in polar solvents, air environments, and high tempera-
tures are synthesized. The results show that the special Si-O-Si
protective layer inhibits the anion exchange between CsPbBr;
and CsPbl;, so the PLQY of CsPbBrs@APTES can be stabilized
above 90% for no less than 10 days. Finally, CsPbX;@APTES
nanocrystals are fabricated into full-spectrum quantum light-
emitting diode (QLED) beads, whose gamut includes 140% of
the NTSC color gamut standard.

Recently, magnetic nanoparticles (NPs) have been widely
explored owing to their unique magnetic properties in various
biological applications, such as bioimaging, drug delivery, and
diagnostic ferrofluid hyperthermia, showing a high practical
application value.'”**”* Zou et al.'”> from East China Normal
University (China) provided a new strategy for the controlled
synthesis of magnetic nanoparticles (ferroferric oxide, Fe;0,)
with a size of 17-29 nm using a co-precipitation method via a
droplet-based continuous microreactor. This chip-type micro-
reactor comprises multifunctional units, in which T-junctions
are used for droplet generation; Y-junctions and S-shaped
channels are used for droplet fusion and rapid mixing. The
prepared Fe;O, nanoparticles have superparamagnetism at
room temperature, with maximum saturation magnetization
of 61 emu g~ " and maximum coercivity of 5.2 Oe.

Several studies on the synthesis of silica (SiO,) nanoparticles
have been reported by Ling et al.'’®'”” from the University
Malaysia Pahang in Malaysia. They synthesized highly mono-
disperse SiO, nanoparticles with an average size of 6 nm in a
polydimethylsiloxane microreactor, as shown in Eqn (7) and (8).
It is found that the size of the nanoparticles produced by the
microreactor is reduced by 93.68% compared with the conven-
tional sol-gel method. They also investigated the effect of
residence time on the size of SiO, nanoparticles by changing
the operating pressure, which affects the flow rate. The results
show that by reducing the residence time from 95.65 s to 38.72 s,

This journal is © The Royal Society of Chemistry 2023
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the size of SiO, nanoparticles is reduced from 5.76 nm to 4.89 nm,
and its size distribution is reduced to 1.11 nm.

Additionally, several studies on the production of barium
sulfate (BaSO,) nanoparticles have been reported. Kockmann
et al.'’® from Albert-Ludwig University of Freiburg in Germany
synthesized BaSO, nanoparticles with a mean particle size
of ~100 nm using a T-type silicon micromixer, as shown in
eqn (9). It is found that convective mixing and mass transfer
determine the nucleation and growth of nanoparticles, control-
ling the final particle size distribution. Wang et al.'’® from
Beijing University of Chemical Technology in China success-
fully prepared BaSO, nanoparticles with an average particle size
of 37 nm and a narrow particle size distribution through a
microporous tube-in-tube microchannel reactor (MTMCR) with
a high throughput of 9 L min~'. The size of BaSO, nano-
particles has a great relationship with the flow rate of reactants
in the microchannel, and a high flow rate is conducive to the
production of small particles. Du et al'®® from Tsinghua
University in China controllably prepared BaSO, nanoparticles
with an average size of 40 nm using a membrane dispersion
microreactor to generate microbubbles and selecting satu-
rated Na,SO, solution and Ba$S solution as reactants. With the
introduction of microbubbles, mixing performance can be
improved by continuously increasing the gas flow. Yang et al.'®!
from Hunan University in China prepared BaSO, nanoparticles
with an average particle size of 26 nm using a high-throughput
(105.5 g h™") passive four-stage asymmetric oscillatory feedback
microreactor constructed and a chaotic mixing mechanism.
Furthermore, other inorganic nonmetallic micro/nanomaterials,
such as TiO,, copper chromite (CuCr,0,4), and CdSe, have also
been successfully synthesized by microreactors, as shown in
Table 3. In summary, it can be observed that microreactors
have huge potential advantages in the synthesis of inorganic
nonmatallic micro/nanoparticles and will surely play a more
important role in the future development of the world.

Si(OC,Hs), + 4H,0 — Si(OH), + 4C,H;0H (7)
Si(OH), — SiO, + H,0 (8)

H,SO, + BaCl, — BaSO,| + 2HCI (9)

3.2. Synthesis of organic micro/nanomaterials

In various fields, specifically the pharmaceutical industry,
organic micro/nanomaterials have an important influence
and have been reported by numerous studies.’>***> To date,
nanomedicine is widely used in the diagnosis and treatment
of diseases, such as infectious diseases, cardiovascular, and
196,197 Bangham et al'°® from Agricultural Research
Council Institute of Animal Physiology Babraham in England
first described the synthesis of nanoliposomes in 1965 at
Cambridge University; since then, the preparation, charac-
terization and application of nanoliposomes as carriers of
drugs and other biologically active substances have developed
considerably. Kuribayashi et al.'*® from the University of Tokyo
in Japan reported the use of electroformation in micro-
fluidic channels to generate nanoliposomes with a unilayer

cancer.
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Table 3 Other inorganic nonmetallic micro/nanomaterials synthesized by microreactors

Product Nanoparticle size (nm) Mixers type Flow rate (mL min ") Residence time (s) Ref
TiO, <10 Microchannel 80-200 pL min~* — 182
TiO, 50-140 Microchannel — 0.2 183
CuCr,0, 192-300 Microchannel 25-150 mL h™" — 184
CdSe 2.8-4.2 Microchannel 0.1 5-10 min 185
CdSe 2.4-2.69 Microchannel 1.5-3.0 pL min™* 250-500 186
cds 2-3 Microjet reactor 40 g min™" 6 min 187
BaSO, 15-100 T-mixer 0.15-0.25 — 188
BaSO, 300-670 T-shaped microchannel 2 2.16-2.6 189
BaSO, 6-20 um Ultrasonic microreactor 0.2 mL min~* 12.5-120 190
Sio, 88 Micromixer 35mLh™? 750 191
CeO, 15 T-mixer 2-20 — 192

morphology with an average diameter of ~12 um. The micro-
channel (30 mm x 60 mm x 1 mm) is made of a sheet of
polymethylvinylsiloxane sandwiched between two glass plates
(30 mm x 40 mm X 0.12-0.55 mm) coated with indium tin
oxide (ITO) electrodes. The average width of each channel is
300 um, and the volume of the channel is about 2.7 pL. With
the cooperation of Chuo University (Japan) and Tokyo University
of Marine Science and Technology (Japan), Ushiyama et al.*°° have
produced giant unilamellar vesicles (GUVs) with an average
particle size of 25.6-45.4 pm using microfluidic channels. This
device can be operated immediately after bonding the monolithic
replicated PDMS channel and the plugging tube without local
surface treatment or long-term lowering of the oil layer in the
microfluidic channel. The stable state of W/O/W droplet genera-
tion can be reached in a short time (1-2 min), and the internal
liquid volume can be reduced to ~20 pL.

Engineered polymer microparticles (MPs) have emerged as
very interesting multifunctional platforms, where the loaded
plasmonic particles are potential triggers for drug delivery
applications in biomedicine. Solorzano et al.>°* from the Uni-
versity of Zaragoza in Spain developed a simple, versatile, and
high-yield microfluidic synthesis technique in which hybrid-
thermoresponsive Poly(N-isopropylacrylamide) (PNIPAm)-based
MPs with a mean size of ~400 pm are obtained using an
innovative one-step sequential synthesis method. The coaxial
capillary microfluidic device is shown in Fig. 14(a), in which the
inner and outer capillaries are made of polyetheretherketone
(PEEK, hydrophilic) and PTFE (hydrophobic), respectively.

Recently, to improve the solubility of drugs and solve the
problems of bioavailability and drug delivery efficiency, opti-
mizing drug particles into nanoscale products is a potential
strategy. Kim et al’’> from Tsinghua University in China
reported a continuous-flow T-shaped microreactor for the pre-
paration of itraconazole (ITZ) nanoparticles with an average
particle size of 130-340 nm by applying an antisolvent precipi-
tation method. The flow rates of the continuous phase and
dispersed phase are 10-250 uL min~' and 50 puL min *,
respectively. The microchannel is made of stainless steel,
its geometric structure is a typical cross junction, and the
intersection diameter of the metal channel is 1.2 mm.

Maity et al®® from the Indian Institute of Technology
Guwahati in India conveniently synthesized ~10 nm sized
nearly monodispersed cellulose acetate nanoparticles (CANPs)

2360 | Mater. Horiz., 2023,10, 2343-2372

using a continuous-flow microreactor, as shown in Fig. 14(b).
Solution 1 composed of cellulose acetate (CA) and N,N-di-
methylformamide (DMF) enters from the central inlet (flow
rate: 0.01 mL min '), and the anti-solvent water enters from the
two side inlets (flow rate: 0.01 mL min "), thus forming a core-
annular flow. Killing experiments of the synthesized CANPs
against Gram-negative Pseudomonas aeruginosa species show
enhanced bactericidal activity with or without the loading of
the external drug (curcumin).

Jaouhari et al.”®* from the University Bordeaux in France
synthesized tetraphenylethylene (TPE) nanoparticles with an
average size of 9 & 3 nm using a novel Supercritical AntiSolvent
process with a microreactor (uSAS), as shown in Fig. 14(c).
Tetrahydrofuran (THF) and supercritical carbon dioxide (sc-CO,)
are used as solvent and antisolvent, respectively. The microreactor
is made of silicon and heat-resistant glass to withstand the high-
pressure conditions (~ 200 bar) required by the uSAS process, and
its outlet is connected to a sapphire tube (inner diameter: 7.3 mm,
outer diameter: 1/2 inch, and length = 10 cm).

Additionally, the conventional synthesis methods of most
organic materials are dangerous or have low synthesis efficiency,
so the application of microreactors can make the synthesis of
organic materials safer and faster. Good heat and mass transfer
capabilities, combined with ease of scale-up, not only make
microreactors the superior choice in many cases but are also
often the only option when dealing with highly reactive, short-
lived intermediates. Some studies at Kyoto University in Japan
have greatly promoted the development of flash chemistry.
Yoshida et al.>°>?°® gave a brief overview of the concept of flash
chemistry, which uses microreactors to perform extremely fast
reactions in organic synthesis, and can effectively control the
formation of dangerous intermediate products. Kim et al.®
have developed a microfluidic technique based on flash chemistry
to selectively functionalize iodophenyl carbamates in the ortho
position. Their designed CMR is fabricated by thermal bonding of
six layers of polyimide film, and its internal volume is 25 nL
provided by a rectangular serpentine channel (width 200 pm,
height 125 pm, and length 1 mm). With sub-millisecond fast
mixing, unwanted anionic Fries rearrangement®*’*°® can be
bypassed to obtain the desired product before it occurs.

The development of more rigorous and safe polymerization
reactions of bio-based monomers is a major topic in the present
era. Pérez et al.>® from Normandie University in France reported

This journal is © The Royal Society of Chemistry 2023
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Fig. 14 (a) Coaxial capillary microfluidic device and hybrid-thermoresponsive PNIPAm-based MPs with a mean size of ~400 um.2°* Copyright 2020,
Elsevier. (b) Schematic diagram of the microreactor, the mixing process and the synthesized CNAPs.2%% Copyright 2021, American Chemical Society.
(c) Novel supercritical microreactor and TPE nanoparticles with an average size of 9 + 3 nm.2%* Copyright 2020, Elsevier. (d) Reaction pathway of HMF

oxidation to FDCA.?'? (e) Reaction pathway of 2-chloro-2-methylbutane.?®

the excellent performance of microreactors in finding flexible
and sustainable methods for the synthesis of macromolecular
scaffolds. It is found that the anionic polymerization of myrcene
can be fine-tuned in a microfluidic reactor to produce low molar
mass polymyrcene (PMYR). Further, by adding an inlet to the
telescoping flow device, it is found that carbon dioxide could be
captured, thus introducing carboxylic acid into the PMYR end.
Ozonolysis reactions are generally highly productive, highly
selective, and sustainable processes, especially in organic

This journal is © The Royal Society of Chemistry 2023

synthesis and chemical manufacturing. However, it has been
underutilized owing to safety concerns in handling ozone (O3)
gas and highly reactive ozonide intermediates. Polterauer
et al.®™ from the University of Graz in Austria explored and
optimized the reaction conditions for the ozonation of thioa-
nisole to methyl phenyl sulfoxide and cyclohexene to hexane-
dial using a dedicated microreactor platform for gas-liquid
conversion. The research results show that thioanisole can
be converted to methyl phenyl sulfoxide in a 99% yield by
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ozonation at 0 °C and <1 s. Similarly, cyclohexene can be
converted to hexanedial with a yield of 94% in 1.7 s and 0 °C.

Multinuclear microfluidic double emulsion droplets (DEDs)
are excellent microreaction vessels that can encapsulate various
reagents and mix them with nuclei coalescence. With the
cooperation of China Jiliang University (China), LEO Group
Co., Ltd (China), and Jiangsu University (China), Chen et al.>*"
demonstrated a non-contact strategy for near-infrared (NIR)
light to trigger the core coalescence of DEDs. Using a glass
capillary microfluidic device, a small amount of Prussian blue
(PB) is encapsulated as a photothermal responsive agent to
prepare DEDs with dual-core and triple-core. The results show
that the coalescence efficiency of this method can reach 98%,
demonstrating that NIR light-induced coalescence can open up
the possibility of efficient and high-throughput sequential
microreactions in chemical analysis, biomedical engineering,
and lab-on-a-chip settings.

With the cooperation of Tsinghua University (China), Beij-
ing University of Chemical Technology (China), and SINOPEC
Research Institute of Petroleum Processing (China), Yang
et al.>'® reported that microreactors can significantly accelerate
heterogeneous processes, viz., the interaction of gas and liquid
phases on solid catalysts. 5-Hydroxymethylfurfural (HMF) is
oxidized to 2,5-furandicarboxylic acid (FDCA) as a typical repre-
sentative of the heterogeneous process, so they tried to use a
micropacked-bed reactor (stainless steel, inner diameter:
2 mm) to achieve high-efficiency and ultra-fast continuous-
flow synthesis of FDCA, as shown in Fig. 14(d). Au/CeO, and
O, are chosen as catalyst and oxidant, respectively. The HMF
conversion and FDCA selectivity can reach 100% and 90%
within only 41 s, respectively, indicating that the microreactor
significantly improves the gas-liquid mass transfer efficiency,
and its space-time yield is 1-2 orders of magnitude higher than
that of the conventional reactor.

Xu et al.>™ from Wuhan University of Technology in China
successfully achieved efficient production of 2-chloro-2-methyl-
butane with a conversion rate of up to 98.00% using isoamylene
and hydrochloric acid as raw materials through a microchannel

Table 4 Other organic micro/nanomaterials synthesized by microreactors
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reactor, as shown in Fig. 14(e). Optimized process conditions: n
(hydrochloric acid): n (isoamylene) = 2.80:1.00; isoamylene
flow rate, hydrochloric acid flow rate, reaction temperature,
pressure and residence time are 1.76 mL min ", 4.40 mL min %,
90 °C, 0.70 MPa and 15 min, respectively. The above research
results are achieved by effectively increasing the fluid pressure
through the back pressure system, which increases the boiling
point of isopentene, increases the reaction temperature, and thus
increases the reaction rate.

Furthermore, the synthesis of other organic micro/nano-
materials, such as (+)-nootkatone, acetone, and 1-(4-ethoxy-
2,3-difluorobenzyl)-4-propylcyclohexan-1-ol, via microreactors
has been reported in the literature, as shown in Table 4.
In conclusion, conventional methods for synthesizing organic
micro/nanomaterials face disadvantages, such as a long synthesis
time and poor material quality, while microreactors can accelerate
the synthesis of organic micro/nanomaterials in a controlled
manner and obtain better selectivity and higher yield.

3.3. Synthesis of composite micro/nanomaterials

Composite micro/nanomaterials comprise two or more compo-
nents or materials, which have many unique properties different
from those of individual materials, and are widely used in various
fields, including medical diagnosis, construction, and food
production.?**>*> The multi-step synthesis capability of micro-
reactors enables fine-tuning of properties, such as particle
shape, size, porosity, core/shell structure, and chemical aniso-
tropy, to meet the needs of integrating multiple physical and
chemical properties of composite micro/nanomaterials. The
doping of various metal and non-metal elements has greatly
promoted the development of functional material.***>**> Thus
far, various composite materials, such as organic-based, metal-
based, and inorganic non-metallic-based materials, have been
successfully produced through microreactors, among which
Janus particles and metal-organic frameworks (MOFs) are
typical representatives.

3.3.1. Janus particles. As early as 1991, French physicist
Pierre-Gilles de Gennes, known as ‘“‘contemporary Newton”,

Product Yield (%)  Mixers type Flow rate (mL min~")  Residence time (s)  Ref
Acetone 15 T-shaped mixer 0.03-0.15 0.01-0.08 214
(+)-Nootkatone 20 Microchannel 15 uL min~! 20 min 215
1-(4-Ethoxy-2,3-difluorobenzyl)-4- 78.1 Membrane dispersion microreactor ~ 8-24 16.3 min 216
propylcyclohexan-1-ol

1,4-Diphenylbutane 96 T-shaped mixer 12 — 217
1,3,5-Trimethyl-2-nitrobenzene 99.8 Microchannel 39.6 60 218
3,5,5-Trimethylhexanoyl chloride >99 Microchannel 20 2 min 219
Furfural 92.2 Microchannel 0.05-0.8 15 min 220
Furfural 93 Microchannel 0-5 4 min 221
(R)-Cyanohydrins 90-95 Microchannel 0.3 3-30 min 222
Dodecyl benzene Sulfonic acid 99.78 T-shaped mixer 310 — 223
1-Ethoxy-2,3-difluoro-4-iodo-benzene ~ 91.3 Membrane dispersion microreactor  20.8 16 min 224
Neopentyl glycol 96.21 Microchannel — 2.5 min 225
P-diethynylbenzene 99.2 T-shaped mixer 1 14 226
[OMIM]Br 58.75 T-shaped mixer 0.05-10 4.74 min 227
5-Hydroxymethylfurfural 49 Microchannel <10 36 228
Piperacillin 94.7 Membrane dispersion microreactor 40 60 min 229
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introduced the concept of anisotropic particles with two surface
areas in his Nobel Prize lecture, and he named them ‘Janus
particles”.>*®?*” The asymmetry of Janus particles endows
them with various physicochemical and functional properties
compared to conventional particles.

Bai et al”>*® from the University of Bordeaux in France
synthesized Ag@TiO, nanoheterodimers (NHDs) with an aver-
age diameter range of 8.8-11.9 nm using a laser focused inside
a microfluidic reactor, as shown in Fig. 15(a). The chip micro-
reactor comprises two glass channels, one circular channel
(with an outer diameter of 550 nm) for nanoparticle solution
and the other square channel (with an inner dimension of
600 nm) for oil injection. The final codirectional flow in the
square channel is excited by a localized laser. They also found
that the growth of individual Ag or Au nanodots can be
controlled by varying the beam intensity, the concentration of
the metal salt, and the flow rate within the microreactor.

Dobhal et al.>*® from the Institute of Chemical Technology
in India prepared poly (lactic-co-glycolic acid) (PLGA)-
encapsulated coumarin-6 nanoparticles on a microreactor con-
tinuous platform. Multiple test results show that the nano-
particles are safe to CHO cells (~80% cell viability) at a
concentration of <600 pg mL~ " and can be successfully
absorbed by cells. The effects of the polymer chain length of
PLGA and the ratio of lactide to glycyrrhizic acid (LA: GA) on the
compatibility of PLGA with coumarin-6 molecules are also
explored.

Tofighi et al.>*® from the Karlsruhe Institute of Technology
(KIT) in Germany continuously synthesized CuO/ZnO/Al,O;
catalysts by the co-precipitation of metal nitrate aqueous
solution and sodium carbonate (Na,CO;) in a microfluidic
reactor, as shown in eqn (10)-(15). Being made of silicon-bonded

Fig. 15 (a) Laser synthesis of Ag@TiO, nanoparticles with an average
diameter of 8.8-11.9 nm in a microfluidic reactor.>*® Copyright 2021,
American Chemical Society. (b) Continuous-flow microreactor and CEAA
dyes.?*? Copyright 2022, Springer Nature.
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glass, the microreactor is specifically designed for in situ character-
ization with X-ray spectroscopy and scattering techniques. The
results show that the samples synthesized by mocroreactors are
calcined with significantly smaller CuO grains, which enhances the
Cu dispersion and active surface area in the final catalyst.

2Cu*" + CO3> + 20H  — Cuy(CO;)(OH),  (10)
5Zn>" + 2C0;> +60H~ — Zns(CO;),(OH)s  (11)
2Cu® + NO;2~ + 30H — Cu,(NO,)(OH);  (12)
2Cu*" + NO3>~ + 30H™ — Cu,(NO;)(OH); (13)

Cu,(CO;)(OH); + Zn** — (Cup_,Zn,)(CO3)(OH), + xCu®*  (14)

Zn5(CO5),(OH)g + xCu®* — (Zn;_,Cu,)(CO3),(OH) + xZn>*

(15)

Chai et al**' from Tianjin University in China prepared
lignin/chitosan nanoparticles (Lig/Chi NPs) with controllable
architecture and a mean size of 180 nm via a simple and
scalable microreactor setup (i.e., valve-assisted micromixer)
and used them for anticancer drug delivery. THF is used as a
good solvent for corncob lignin (HGS lignin), and chitosan in
an acetic acid aqueous solution is used as an antisolvent.
Through electrostatic co-assembly, the amino groups of chit-
osan and the carboxyl groups of lignin rapidly form Lig/Chi
NPs. Anticancer drugs, such as docetaxel (DTX) and curcumin
(CCM), are co-assembled with Lig/Chi NPs, which are found to
have good drug loading efficiency and biocompatibility. In the
acidic solution of the tumor-mimicking microenvironment, the
drug release amounts are 51% (DTX@Lig/Chi NPs) and 50%
(CCM@Lig/Chi NPs) and have an obvious killing effect on
HelLa cells.

Li et al®>*® from the Dalian University of Technology in
China synthesized a hybrid dye system based on TPE-
encapsulated organic dyes, viz. aggregation-caused quenching
(ACQ)@aggregation-induced emission (AIE)-type nanoparticles
(CEAA dyes), using a continuous-flow microreactor, as shown in
Fig. 15(b). CEAA nanoparticles can serve as a suitable platform
for efficient cascade Forster resonance energy transfer (FRET).
The test results show that CEAA dyes have an ultra-efficient
light-harvesting ability, which is reflected in the energy transfer
efficiency of 99.37%, the antenna effect of 26.23, and the red-
shift distance of 126 nm.

Furthermore, to promote the application of microreactors in
the synthesis of composite micro/nanomaterials, members of
our team, such as Xu et al,>*®2* have conducted several
studies. First, they proposed a method for synthesizing Ni-B
amorphous nanoparticles with an average particle size of 9 nm
by reducing NiSO, with NaBH, aqueous solution through a
stainless steel micro-mixer. The prepared Ni-B amorphous
nanoparticles are spherical and have good dispersion. Second,
they synthesized Cu@Cu,O nanocomposites with a mean par-
ticle size of 20-50 nm using CuSO, and NaBH, as raw materials
at 25 °C in a microreactor. It is found that by controlling the
oxidation process, the surface of Cu nanoparticles is oxidized
to Cu,O, forming an open bicontinuous and dimensional
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framework structure. When MB is oxidized in the UV/H,0,
system, the addition of Cu@Cu,O nanocomposites promotes
strong oxidizing free radicals, such as HO®, HOO®, and O,°” to
be generated in large quantities, so the highest oxidation
efficiency reaches 96.5%. Third, they synthesized Cu-Cuo
nanocomposites with a grain size of 10 nm using a microreac-
tor to controlly oxidize Cu nanoparticles prepared using the
liquid phase reduction method. The microreactor is made of
stainless steel with a channel width of 40 pm. The Cu-CuO
nanocomposite has good catalytic activity when photodegrad-
ing composite H,O, to oxidize methylene blue (MB), and the
total degradation rate can reach 98.5% after 50 min of reaction.
In summary, microreactors have outstanding advantages in
the production of Janus particles and will surely play a more
important role in the synthesis of special materials in the
future.

3.3.2. Metal-organic frameworks. MOFs are a class of multi-
functional composite porous crystalline materials in which
organic ligands and inorganic metal centers are connected by
self-assembly, which can be used as gas storage and separation,
catalysts for organic transformations, biomedicine, sensors,
photovoltaics and energy conversion.**®>*® However, conven-
tional MOFs are synthesized by time-consuming hydrothermal
or solvothermal methods, which generally require hours or
days for the crystallization and formation of porous networks.
Droplet-based microfluidic devices have a high surface-to-
volume ratio, efficient mixing and heat transfer efficiency and
can eliminate channel blockage and significantly increase the
reaction rate; thus, they are widely used in high-throughput
biological and biochemical screening experiments.

With the cooperation of Pohang University of Science and
Technology (Korea), Inha University (Korea), and Ulsan National
Institute of Science and Technology (UNIST, Korea), Faustini
et al®*® continuously and ultrafastly synthesized homogeneous
MOFs (i.e., HKUST-1, MOF-5, IRMOF-3 and UiO-66) and core-
shell MOFs (i.e., CosBTC,@NizBTC,, MOF-5@diCH;-MOF-5 and
Fe;0,@ZIF-8) based on the microfluidic strategy of nanoliter
droplets, as shown in Fig. 16(a). The microreactor is a T-shaped
junction PDMS chip device prepared using the simple one-step
scaffolding method of microfluidics. Its special structure allows a
simple and direct connection between the droplet generating
device and the perfluoroalkoxyalkane (PFA) tubing, thus prevent-
ing droplet leakage and merging. Compared with conventional
hydrothermal and solvothermal synthesis methods, the morpho-
logy of MOFs synthesized based on microfluidic technology is
more uniform.

Chen et al.*®® from Virginia Commonwealth University in
the USA developed a microdroplet-based synthesis process for
MOFs with short and scalable processing times. The formation
of copper 1,4-benzenedicarboxylate (CuBDC) MOF under chan-
ging flow conditions by adjusting the operating pressure is
investigated. When the operating pressure is reduced, the spray
system transitions to a state of free molecular flow. The transport
phenomenon of micro-droplets becomes obvious owing to the
dispersion of the surrounding gas, thus making the formed MOFs
have unique morphological and structural characteristics.
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Fig. 16 (a) Homogeneous MOFs and core-shell MOFs synthesized using
the microfluidic strategy.249 Copyright 2013, American Chemical Society.
(b) Zeolite imidazolate frameworks-8 (ZIF-8)@ZIF-67 and ZIF-67@ZIF-8
core-shell particles synthesized using microreactor.?>* Copyright 2021,
American Chemical Society.

In addition, MOFs with a core-shell structure can enhance
the intrinsic properties of constituent MOFs and endow addi-
tional functional activities. The microreactor can ensure good
mixing and control the thickness of the shell layer, which
provides the possibility of adjusting the particle characteristics
of core-shell MOF. Fujiwara et al.>®' from Kyoto University in
Japan synthesized zeolite imidazolate frameworks-8 (ZIF-8)@
ZIF-67 and ZIF-67@ZIF-8 core-shell particles with a shell
thickness range of 32-66 nm via a microreactor, and they
investigated the effect of mixing properties on the shell thick-
ness of the obtained particles. The microreactor comprises the
inlet, mixing plate and outlet plate; the reactants are injected
into it at a flow rate of 10 mL min~", as shown in Fig. 16(b).
Their results confirm that rapid mixing is critical for the
homogeneity of the synthesized particles. In addition, this
synthetic method also facilitates the preparation of ZIF-8@
ZIF-67@ZIF-8@ZIF-67 multilayered particles.

Furthermore, owing to their highly anisotropic and tunable
chemical composition, two-dimensional (2D) MOFs have great
potential as building blocks for next-generation materials in
various applications, ranging from electrochemical catalysis to
membrane separation.

Several studies at the University of Cambridge in the UK
have greatly promoted the development of MOFs.>****® However,
they prepared CuBDC nanosheets with a side length in the
range of 30-40 nm using a high-shear annular microreactor
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Table 5 Other composite micro/nanomaterials synthesized by microreactors

Product Nanoparticle size (nm) Mixers type Flow rate (mL min ") Residence time (s) Ref
CdSe-ZnS — Microchannel 100 uL min~* 2.0-2.7 254
UIO-66 80-110 Microchannel 0.2 1.1 min 255
ZIF-8 50 nm-2 pm Microchannel 10 — 256
CPO-27-Ni 40 Microchannel 1 20 min 257
o-NaYF4:Yb,Er 6.1-13.4 Microchannel 100 pL min™* 8-9 min 258
FDCANi — Tubular microreactor 10 15 ms 259
POSS ~5 um Microchannel 15-90 pL min~* — 260
YVO4:Eu 84-103 Microchannel 3-8 7-18 261
M/TiO, (M = Pd, Pt or Au) 3.0-4.2 Cross-shaped micromixer 0.2 2 min 262

and investigated the effect of different solvent environments
on their structure and aggregation kinetics. Using liquid cell
transmission electron microscopy (LCTEM), it is found that
2D MOF nanosheets have directional attachment, and the
growth rate and direction are controlled by solvent-surface
interactions. Moreover, they developed a new method for the
synthesis of 2D CuBDC with a side length of approximately
37 nm and a thickness of <1 nm at room temperature using
high-shear annular microreactor technology. The microreactor
belongs to an annular structure, in which three quartz tubes are
installed in a “tube-in-tube” structure to form two annular flow
zones. The space-time yield of CuBDC in a microreactor is
found to be five orders of magnitude higher than that in a
batch reactor. Furthermore, other composite micro/nanomater-
ials, such as YVO4:Eu, CdSe-ZnS, and UIO-66, have also been
successfully synthesized by microreactors, as shown in Table 5.
In summary, the microreactor has significant advantages in the
synthesis of MOFs, which will surely play an important role
in the diversified development of functional materials in the
future.

4. Conclusions and outlook

Microreactors and continuous flow chemical reactions are
increasingly accepted in many fields and applied in all aspects
of people’s lives in a flexible and controllable manner. This
review describes the fabrication and design principles of micro-
reactors and shows excellent adaptability in the processing
and synthesis of micro/nanomaterials, including metal nano-
particles, inorganic nonmetallic nanoparticles, organic nano-
particles, Janus particles, and MOFs. Therefore, microreactors
are effective platforms for the synthesis of micro/nanomater-
ials. Specifically, microreactors can operate on the concept
of small surface areas, which means that the frequency of
molecular collisions is kinetically and significantly increased,
ultimately speeding up the production of products. Thus far,
microreactor technology has successfully solved some of the
problems faced by industrial large-scale production of synthetic
materials or chemicals. However, there are still some deficien-
cies and improvement measures in the field of the synthesis of
micro/nanomaterials based on microreactors:

(i) The fluid in the microreactor is usually in a laminar flow
state, so it is significantly affected by surface tension, resulting

This journal is © The Royal Society of Chemistry 2023

in a relatively slow mixing mass transfer rate, and is easy to be
blocked. The most effective way to solve these problems is to
introduce external fields (i.e., electric fields, electromagnetic
fields, ultrasonic fields, and supergravity) or design the internal
channel of the microreactor into a special structure. Some
studies conducted at Katholieke Universiteit Leuven (Belgium),
University of Twente (Netherlands), Amirkabir University of
Technology (Iran), and Dalian Institute of Chemical Physics
(China) have been reported.*®*~*%> Furthermore, to optimize the
microreactor design and processing cost when synthesizing
special nanoparticles, many studies have made related reports.
With the cooperation of the University of Southampton (UK)
and the University of Oviedo (Spain), Cristaldi et al.>*® devel-
oped a significantly more cost-effective and easy-to-execute
fabrication method for microreactors. Notably, they also tested
the operation of the microreactor at a wide range of volumetric
flow rates (up to 20 mL min~"). Studies have shown that this
process can make the production time (from design to finished
product) less than 1 day, and the average material cost is ~£5,
which is very suitable for large-scale production of micro-
reactors. Nandiwale et al.*®” from the Massachusetts Institute
of Technology in the USA proposed a continuous stirred tank
reactor (CSTR) cascade that can handle slurry/solids during
in-flow chemical conversion by combining 3D printing of a
master mold with the sealing of PDMS channel replicas using
pressure-sensitive tape.

(ii) Integrating multifunctional nanomaterials into micro-
reactors can achieve more functions and improve their perfor-
mance in various applications, such as efficient hydrogenation,
drug delivery, and photoelectron transfer. Merino-Garcia et al.”®®
from Universidad de Cantabria in Spain proposed the applica-
tion of Cu,0/Mo,C/TiO, heterostructures in optofluidic micro-
reactors to convert CO, into methanol through a continuous
visible light drive. The results show that the yield and apparent
quantum yield of methanol reached 36.3 pmol g~ ' h™' and
0.64%, respectively, and the reaction selectivity is 0.93. This can
be attributed to the role of Cu,O in the selectivity of the
reaction to methanol. With the cooperation of the Technical
University of Denmark (Denmark), Wuhan Textile University
(China), South China University of Technology (China), and
Henan University of Engineering (China), Zuo et al.®®® first
encapsulate FeOCl in a MOF as a yolk-shell reactor (FeOCl-
MOF) via in situ growth. The interaction of FeOCl with MOF
considerably enhanced the effective conversion of H,0, and
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*OH utilization (from 25.5% (Fe**/H,0,) to 77.1% (FeOCI-MOF/
H,0,).

(iii) The theory of material synthesis under micro-scale
effects needs to be further studied, such as viscoelastic properties,
residual stress, and micro-damage. A more solid foundation
needs to be laid for scientific design and rational manufacturing.
Additionally, the in situ detection technology at the micro-scale
urgently needs to be innovated and improved. Thus far, effective
detection methods are still scarce. A more detailed understanding
of the formation process of micro/nanomaterials will help to
further promote their high-quality development.

(iv) The most special thing is that the micro/nano materials
synthesized using microreactors often show better performance
than materials prepared using traditional production methods.
However, most developing countries have limited resources for
high-end facilities, thus hampering the commercialization of
several advanced microreactor processing technologies. More
relevant processes need to be reported on the performance
optimization of the whole system to make large-scale integrated
microreactors more feasible. Overall, more researchers should
adapt their efforts from theoretical testing to commercial
applications during the synthesis of micro/nanomaterials in
microreactors. Given the rapid pace of development in this
field, various intertwined development routes of science and
technology can be observed, which can obviously further
expand the application field of microreactors.
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mTAS Micro total analysis systems
MEMS Micro electro mechanical systems
IMM Institute of Microtechnique Mainz

DICP Dalian Institute of Chemical Physics

ECUST East China University of Science and
Technology

CAGR Compound annual growth rate

LIGA Lithography, galvanoformung and
abformung

EDM Electro-discharge machining

DNA Deoxyribonucleic acid

PDMS Polydimethylsiloxane

3D Three dimensional

CBN Cubic boron nitride

TMAH Tetramethyl ammonium hydroxide

KOH Potassium hydroxide

HF Hydrofluoric acid

HNO; Nitric acid

UNIMAS Universiti Malaysia Sarawak
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CFD Computational fluid dynamics
Re Reynolds numbers

SHM Staggered herringbone mixer
Au Gold

Ag Silver

Cu Copper

Pt Platinum

Pd Palladium

PVP Polyvinyl pyrrolidone

AgNO; Silver nitrate

NaBH, Sodium borohydride

TiO, Titanium oxide

Cdse Cadmium selenide

Pe Peclet number

CuSO, Copper sulfate

FCC Face-centered cubic

NiSO, Nickel sulfate

N,H, Hydrazine

CTAB Cetyltrimethylammonium bromide
L-aa L-ascorbic acid

PTFE Polytetrafluoroethylene

QDs Quantum dot

ZnS Zinc sulfide

CdTe Cadmium telluride

Cds Cadmium sulfide
Cd(NO3),-4H,0 Cadmium nitrate tetrahydrate
Na,S Sodium sulfide

N-CDs Nitrogen-doped carbon dots
PLQY Photoluminescence quantum yield
EDA Ethylenediamine

CDs Carbon dot

CHLP Cesium lead halide perovskite
DBMS Droplet-based microreactor system
APTES Aminopropyl triethoxysilane
QLED Quantum light-emitting diode

NPs Nanoparticles

Fe;0, Ferroferric oxide

Sio, Silica

BaSO, Barium sulfate

MTMCR Microporous tube-in-tube microchannel
reactor

CuCr,0, Copper chromite

ITO Indium tin oxide

GUVs Giant unilamellar vesicles

MPs Microparticles

PNIPAmM Poly(N-isopropylacrylamide)

PEEK Polyetheretherketone

ITZ Itraconazole

CANPs Cellulose acetate nanoparticles

CA Cellulose acetate

DMF N,N-dimethylformamide

TPE Tetraphenylethylene

USAS Supercritical AntiSolvent process with
microreactor

THF Tetrahydrofuran

sc-CO, Supercritical carbon dioxide
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CMR Chip microreactor

PMYR Polymyrcene

(0 Ozone

DEDs Double emulsion droplets

NIR Near-infrared

PB Prussian blue

HMF 5-Hydroxymethylfurfural

FDCA 2,5-Furandicarboxylic acid

MOFs Metal-organic frameworks

NHDs Nanoheterodimers

PLGA Poly (lactic-co-glycolic acid)
LA:GA The ratio of lactide to glycyrrhizic acid
KIT Karlsruhe Institute of Technology
Na,CO; Sodium carbonate

Lig/Chi NPs Lignin/chitosan nanoparticles
DTX Docetaxel

CCM Curcumin

ACQ Aggregation-caused quenching
AIE Aggregation-induced emission
CEAA ACQ@®@ AIE-type nanoparticles
FRET Forster resonance energy transfer
MB Methylene blue

PFA Perfluoroalkoxyalkane

CuBDC Copper benzene dicarboxylic acid
ZIF Zeolite imidazolate frameworks
LCTEM Liquid cell transmission electron microscopy
2D Two-dimensional

CSTR Continuous stirred tank reactor
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