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Recent Advances in Microfluidics Enabled Controlled Reaction, 
Assembly and Exfoliation of Inorganic Nanomaterials 

V. Vinay K. Doddapanenia, Alvin Changb, Ho-Young Junc, Chang-Ho Choic*, Zhenxing Fenga, Chih-
Hung Changa* 

Microfluidics, involving chemical or physical phenomena in the order of submillimeter length scale under continuous flow, 

allows controlled reaction, assembly, and exfoliation of nanomaterials by adjusting momentum, heat, and mass transfer. 

This highlight explores recent progress in studies demonstrating the ability to control reaction and assembly for various 

inorganic nanomaterials, including metal, metal chalcogenide, metal oxide, composite and doped nanomaterials, and two-

dimensional nanosheets in microfluidics, with representative case studies of each type of material. Furthermore, this 

highlight discusses the current challenges and gaps in the field of controlled reaction, assembly, and exfoliation of 

nanomaterials in microfluidics and future research directions. 

1. Introduction 
Nanomaterials have recently attracted applications in diverse fields 

such as medicine, electronics, sensing, energy storage, energy 

harvesting, catalysis, and many others because of their distinctive 

properties compared to their bulk counterparts.1–3 Taking advantage 

of the unique properties that arise from the nanoscale regime, 

numerous efforts have been made to investigate innovative ways to 

tailor nanomaterial properties by tuning their size, shape, and 

composition to improve their performance for specific targeted 

applications.4 For example, anisotropic nanomaterials such as 

nanorods, nanotubes, and linear assembly of nanomaterials have 

better performance than spherical nanoparticles in magnetic 

resonance imaging applications.5,6 Localized surface plasmon 

resonance (LPSR) effect of metal nanoparticles such as Ag, Au, and 

Cu and the non-linear optical properties of nanomaterials is heavily 

influenced by the size of nanoparticles. It thereby influences the 

efficiency of the processes they are being used for.7–9 The power 

conversion efficiency (PCE) of perovskite solar cells incorporated 

with Au nanoparticles has increased from 14.60% to 16.20% when 

the diameter is decreased from 70 nm to 30 nm.8   Nature-inspired 

nanostructures have also been proven to improve the efficacy of the 

processes in renewable energy applications such as solar cells, 

optoelectronics, photocatalysis, rechargeable batteries, contact 

angle modification, and spilled oil collection.10,11 Modifying these 

morphologies, dimensions, and composition is possible by precisely 

controlling the reaction mechanism during the synthesis process and 

assembly of the nanomaterials.  

Various top-down (mechanical milling, photolithography, 

etching, laser ablation, sputtering, high-sheer mixing exfoliation, 

ball-mill assisted exfoliation, electrochemical exfoliation, 

solvothermal-assisted liquid phase exfoliation, SALPE) and bottom-

up (hydro/solvothermal, sol-gel, polyol, biological, supercritical fluid 

synthesis, microemulsion, chemical vapor deposition, spray 

pyrolysis) approaches are developed to synthesize nanomaterials 

(Fig. 1a) for a wide variety of applications.4,12–15 Of all these 

techniques, solution-based processes offer the advantages of high 

throughput and relatively simple equipment over vapor-based 

techniques.16 A vast library of nanomaterials has been synthesized 

using these both bottom-up and top-down solution-based synthesis 

techniques, such as metals (Ag, Au, Bi, Co, Cu, Fe, Ni, Pd, Pt, Rh), 

metal oxides (CdO, CeO2, Co3O4, CuO, Er2O3, Fe2O3, Mn3O4, TiO2, 

SmVO4, SnO2, WOX, ZnO), nanocomposites (hexagonal boron 

nitride/titania), chalcogenides (Ag8SnS6, CdSe, CuXS) and two-

dimensional nanosheets (black phosphorous, graphene).15,17–25  

Some of the selected recent works with the controlled synthesis of 

nanomaterials using batch methods are listed in Table 1. 

Nonetheless, in a batch-scale bottom-up synthesis approach,  the 

growth and nucleation of nanomaterials is still a complex mechanism 

to generalize one phenomenon to all classes of nanomaterials. 

However, from the extensive investigations, the governing process 

to tune the morphologies, size, shape, and composition of 

nanomaterials is dependent on integrated effects of reaction rate, 

temperature, concentration, mixing of reactants, residence time, 

solvents, and the additives such as reducing agents, pH modifiers 

involved in the process.4,12,13,18–20,23,26,27  
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Fig. 1 (a) Different types of nanomaterials and synthesis methods, (b) diverse applications of microfluidics (reproduced with permission  from54: copyright 2008, Springer, (c) 

microfluidic reactor. 
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Table 1 Recently published works on different types of nanomaterials produced by batch synthesis 

Material Strategy Synthetic Method Features  Reference 

Ag Nanowires (NWs) Bottom-up Polyol  50-70 nm  28 

Au Bottom-up Chemical reduction 6-22 nm  29 

BP nanosheets Top-down Electrochemical  0.5-30 μm  30 

BP nanosheets Bottom-up Solvothermal 4.7 nm   31 

BP nanosheets Bottom-up Solvothermal 1-15 nm  32 

BaTiO3 Bottom-up Solvothermal 10 nm  33 

BaTiS3 nanorods Bottom-up Hot-injection 50 nm   34 

CoFe2O4 Bottom-up Solvothermal  7-10 nm  35 

CoSnO3 cubes Bottom-up Hydrothermal  250 nm  36 

CuS Nanorods Bottom-up Microwave  -  37 

Fe3O4@SiO2 core-shell Bottom-up Emulsion  76-152 nm  38 

Graphene nanosheets Top-down Ball-milling -  39 

Graphene nanosheets Top-down Electrochemical 100-500 nm  40 

Graphene nanosheets Top-down High-shear  160 nm  41 

Graphene nanosheets Top-down SALPE 100-800 nm  42 

Graphene nanosheets Top-down Ultrasound induced 100-500 nm  43 

h-BN nanosheets Top-down Ball-milling 1.5-2 μm  44 

Li-boron oxide nanocomposites Bottom-up Sol-gel 20-50 nm  45 

Li4Zn3B4O11/Li2B2O4 nanocomposites Bottom-up Sol-gel 22-135 nm  46 

MOS2 nanosheets Top-down SALPE 40 nm  47 

MoS2 nanoflakes Bottom-up Hydrothermal  30-50 nm  27 

Pb chalcogenides Bottom-up Hot-injection 1.6-12.1 nm  48 

Pd  Bottom-up microemulsion 2-9 nm  49 

PdCu on rGO Bottom-up solvothermal 3.8-4.6 nm  50 

Pd2N nanocubes Bottom-up Hydrothermal  18 nm  51 

Lotus-ZnO decorated graphene oxide Bottom-up Sol-gel -  52 

While in a batch scale top-down exfoliation method, low 

exfoliation efficiency, inconsistent driving force leading to 

inconsistent dimensions of the nanosheets, and longer exfoliation 

times are major concerns.15,53  

Despite the tremendous progress in manufacturing various 

morphologies, sizes, shapes, and compositions of nanomaterials 

using batch methods at the lab scale, experimental control over the 

parameters is difficult at large-scale. Microfluidics overcomes this 

barrier by providing exceptional control over the parameters via the 

process intensification approach at the microscale. It enables the 

controlled reaction, assembly, and exfoliation of nanomaterials for 

targeted applications and continuous nanomanufacturing at a point 

of use. Since their inception, microfluidics expanded from 

microanalytical methods to field deployable sensors, cell analysis, 

microelectronics, chemical synthesis, nanomaterial production, 

energy storage, printing, and many other applications, as shown in 

Fig. 1 b.54–57 Particularly, the field of nanomaterial synthesis and 

production is revolutionized by microfluidics channel dimensions 

(tens to hundreds of microns) and their ability to handle small 

amounts of fluids, leading to reduced material wastage over 

conventional flask reactors. They have advantages in scaling up by 

the “numbering-up” approach with stacks of single microreactors 

(Fig. 1c) in parallel, providing the same process intensification over 

scaling up from a small flask reactor to a large-scale batch 

reactor.54,58  

This highlight article attempts to communicate the recent 

progress and prospects in controlled reaction, assembly, and 

exfoliation of nanomaterials possible by fine-tuning transport 

processes at the microscale using microfluidics. A brief discussion 

about the momentum, heat, and mass transfer control at the 

microscale is presented in the following section, along with case 

studies of the aspects mentioned above to highlight the influence of 

the reaction, assembly, and exfoliation of different nanomaterials 

categorized into metals, metal oxides, chalcogenides composite and 

doped nanomaterials, and 2D-nanosheets.  

2. Types of microfluidics for nanomaterial synthesis 
Bottom-up microfluidics approach 

Microfluidics for nanomaterial synthesis can be mainly categorized 

into tubular microreactors and lab-on-chip types, as shown in Fig. 2 

a & b. Tubular microreactors 59 are typically made of plastic, glass, or 

stainless-steel tubes; these are free-standing and connected to a 

pumping system on the one end; nanomaterials are collected on the 

other. The material choice for the reactors depends on the type of 

chemicals, chemistry, and reaction temperature. The precursor 

streams going through the reactor may be subjected to different 

thermal zones usually maintained by an oil bath. On the other hand, 
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lab-on-chip devices 60 are usually microchannels supported by a base 

material. Micro heating elements and localized heating methods can 

heat these reactors.  

 

Top-down microfluidics approach 

Furthermore, there is a particular case of micro fluidization methods 

for producing 2D nanosheets. Microfluidization, acoustic 

microfluidics (AM), wet-jet milling (WJM), and lab-on-chip.61–66 The 

characteristics of each microfluidic method is briefly introduced 

below. 

Microfluidization. This high-pressure homogenization technology is 

applied to produce nanoemulsions in the pharmaceutical and food 

industries. A typical microfluidization system consists of an 

intensifying pump, an interaction chamber, and a cooling chamber, 

as shown in Fig. 2c. A high-pressure intensifying pump delivers a bulk 

2D material dispersion to the interaction chamber at constant 

pressure. Z-shaped microchannels within the interaction chamber 

are critical for generating high shear rates and homogenizing high 

shear rates in the dispersion. At these high shear forces, bulk 2D 

materials are subject to rapid fragmentation and exfoliation, 

producing 2D nanosheets (Fig. 2d). After exfoliation in the 

interaction chamber, the dispersion containing 2D nanosheets is 

cooled in a cooling jacket to protect 2D nanosheets from defect 

formation.  

 

Wet-jet milling (WJM). WJM consists of a pneumatic valve, piston, 

processor, and chiller (Fig. 2e). Its configuration and exfoliation 

mechanism are similar to those of microfluidization. A pneumatic 

valve and piston create high pressure to deliver the 2D bulk materials 

dispersion to the interconnected disk. Unlike microfluidization, in 

which strong shear occurs in the Z-shaped microchannel, wet-jet 

milling utilizes a high shear force created at the micronozzle that 2D 

material dispersion is instantaneously encountered in the 

interconnected disk. Following exfoliation in the micronozzle, the 

dispersion containing 2D nanosheets is sent to a chiller to prevent 

the defect formation of 2D nanosheets.  

 

Acoustic-microfluidic (AM). AM process is similar to conventional 

LPE in a sonication bath; instead of having a batch container such as 

a vial and a beaker, the process equips with microfluidic capillary 

tubing (Fig. 2f) in this process. The simplicity of using a sonic bath 

combines the inherent advantages of microfluidics, offering the AM 

process as a cost-effective and rapid production platform to produce 

2D nanosheets. Particularly, bulk 2D material dispersion is forced to 

flow during the exfoliation process and thus prevents the settlement 

of bulk 2D materials, leading to high exfoliation efficiency. Optimizing 

the flow rate also enhances the exfoliation efficiency by promoting 

the cavitation effect. 
 

Lab-on-chip process. This process exploits hydrodynamic cavitation 

to exfoliate 2D nanosheets. The dynamic pressure is generated and 

increased as bulk 2D material dispersion passes through the micro 

gap inside the chip (Fig. 2g). The hydrodynamic cavitation becomes 

effective downstream in the chip, where bubbles start to collapse 

caused by recovering the initial flow rate of the dispersion. By 

repeating the exfoliation process thousands of times, 2D nanosheets 

can be obtained. The Lab on chip process can benefit from a low-

power operation but requires a highly extended processing time. 

 

3. Diverse methods of regulating transport 
phenomenon in microfluidics 
Chemical reactions depend on the reactant's concentration and 

distribution of reactant concentration, temperature, temperature 

distribution, and reaction time and distribution. The transport 

processes can impact all these factors via momentum, heat, and 

mass transfer. By governing these transport processes, one can 

control the chemical reaction. As discussed in the above section, 

microfluidics with the capability of intensifying these transport 

processes is among of most significant interest for next-generation 

nanomanufacturing. The following paragraphs dive into the different 

routes to control the transport processes to achieve the desired 

results in manufactured nanomaterials. 

The ability of fluids to transport momentum via viscosity is critical 

for microfluidics design. Momentum transport can be thought of as 

frictional force in the fluid in which an external force felt by one layer 

of the fluid drags adjacent fluid layers along. Momentum transport 

governs the fluid's flow and impacts the flow's velocity and behavior. 

The most basic and advantageous capability of microfluidics over the 

conventional batch reactor systems is their ability to adjust fluid flow 

rates, thereby precisely controlling the concentration ratios of each 

reactant and other additives that are needed for the reaction and the 

capability to introduce the reactants at the required zone in the 

reactor spatially to precisely dictate the nanoparticle’s size, shape, 

and composition. The residence time of reactants, intermediary 

species, nanoclusters, and nanoparticles inside the reactor can be 

varied precisely by adjusting the flow rates and flow behavior. Flow 

control within microfluidics is possible from simple syringe pumps by 

either passive or active flow control.67 

One common flow control application is for droplet-based 

microfluidics, which aims to create a tunable stream of droplets in 

the hundreds of nanometer to micrometer range. These devices are 

advantageous due to the small volume of reagents required, 

controllable and uniform production of droplets, and high surface-

area-to-volume ratios. Droplet generation can be obtained by either 

passive or active control techniques (Fig. 3a).68 Passive flow control 

techniques require no external energy input into the system and 

instead rely on the shaping and architecture of the microfluidic 

device itself. An example of passive flow control is illustrated in Fig. 

3b, which outlines the design of a microsphere generation device 

known as the flow focusing and T-junction (FF-TJ) device.69 It 

operates using the principles of flow focusing and a T-junction, which 

relies on using two fluids, the outside continuous flow liquid, and the 

inside dispersed flow liquid. The continuous flow disrupts the 

dispersed flow liquid and creates shear stress to separate the 

dispersed liquid and generate droplets. In the first section of the 

device, flow focusing is produced by using two liquids of different 

flow rates, where the outer liquid (the sheath flow) has a higher 

velocity than the inner liquid (the middle flow) and thus decreases 

the diameter and increases the shear stress in the central flow. The 

second section of the device uses a T-junction in which the primary   
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channel fluid hits the side channel fluid at the “T-junction”, creating 

shear stress in the dispersed flow and creating droplets. Although 

flow focusing produces microspheres, in the FF-TJ, the purpose of the 

flow focusing segment is to adjust the size of the middle flow by 

varying the flow ratio between the inner and outer liquids to control 

microsphere size.69 Other passive microsphere generation methods 

exist, such as T-junctions and flow-focusing devices by themselves 

and microemulsion techniques67 and another form of flow behavior 

Fig. 2 Schematics of (a) tubular microreactor (reproduced with permission from59: copyright 2004, American Chemical Society), (b) lab-on-chip for nanomaterials(reproduced with 

permission from60: under the terms of CC BY 4.0, http://creativecommons.org/licenses/by/4.0/)  (c) microfluidization (reproduced with permission from62: copyright 2017,  American 

Chemical Society, CC-BY 4.0, https://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html), (d) high pressure homogenizer (reproduced with permission from63: copyright 

2015, Royal Society of Chemistry), (e) acoustic-microfluidics nanosheets (reproduced with permission from64: copyright 2017, Elsevier), (f) wet-jet milling homogenizer (reproduced 

with permission from65: copyright 2018, Royal Society of Chemistry), and (g) lab-on chip used to produce 2D nanosheets (reproduced with permission from66: under the terms of CC 

BY-NC 3.0, https://creativecommons.org/licenses/by-nc/3.0/). 

http://creativecommons.org/licenses/by/4.0/
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that can be achieved in microfluidic devices includes spiral flow 

created by slanted grooves on the capillary walls.  

Unlike passive flow control devices, active flow control uses an 

outside energy source to drive and regulate changes in flow rate and 

behavior. An example of active flow control is summarized in Fig. 4a, 

in which a hydrogel valve is magnetically controlled to regulate the 

flow.70 It takes advantage of a temperature-responsive hydrogel that 

can swell and collapse efficiently on small scales. The hydrogel wells 

and closes the valve when the temperature is below the lower critical 

solution temperature (LCST). The hydrogel encases Fe3O4 

nanoparticles which heat upon application of an alternating 

magnetic field (AMF) and can bring the hydrogel above the LCST. 

Toggling the area on and off can control the state of the hydrogel and 

thus dictate the flow of the fluid.70 Other methods to externally 

actuate flow exist, and further examples of active flow control 

include pneumatically controlled centrifugal microfluidic devices71 

and electrochemically toggled microvalves72.  

Another significant factor is mixing reactants and additives inside 

the reactor to enhance the mass transfer and provide optimum 

conditions for the reaction. Unlike macro-scale reactors, the mixing 

in the micro-scale reactors is not by turbulent mixing but rather by 

diffusion because of the low Reynolds number (Re) and laminar flow 

conditions at the micro-scale. As diffusion-based mixing is often 

time-inefficient, this is a well-known problem in microfluidics, and 

many active and passive methods have been developed to address 

this problem. As such, flow control is also integrated with mass 

transfer to improve the mixing conditions and enhance the mass 

transfer during the reaction process. Several active and passive 

mixing strategies, including grooves in the fluid path, segmented 

flows, multi-laminating, spiral channels, collision of jets, Y or T type 

flow, dean vortices, and external fields such as light, electric fields, 

ultrasound and acoustics have been used to enhance the mixing and, 

thereby, mass transfer.73 

One passive mixing strategy is through the use of droplet-based 

mixing. In this setup, a Y-junction and flow-focusing design was used 

to shear the continuous biphasic phase of PEGDA and fluorescent 

PEGDA (Fig. 4b).74 As shown by fluorescent imaging, initially, the two 

reagents experience little cross-mixing within the droplet due to two 

symmetric recirculation zones. The two liquids are shown as two 

unmixed halves. Droplets are pushed out towards the outer edges of 

the capillary and then rotated due to the nonuniform flow field, 

leading to a uniform and well-mixed droplet.62 Other examples of 

passive-based designs use micropillars and micronozzles75, fin-

shaped baffles76, and spiral microchannels77 to enhance mixing 

efficiency. 

Active mixing strategies rely on an external stimulus to induce 

mixing and can achieve more flexible and tunable mixing at the cost 

of increased complexity. Error! Reference source not found.a 

illustrates the design of a micromixer which can be optically 

actuated.78 The device consists of three phases, two oil phases and 

one photosensitive aqueous phase with AzoTAB surfactant 

separating the oil phases. When not triggered, the aqueous phase is 

a continuous stream, preventing the mixing of the two oil phases. 

However, once a UV stimulus is applied, the aqueous phase forms 

into microdroplets, allowing the two oil phases to touch and mix with 

various efficiencies depending on the chamber position. Upon the 

removal of UV light, the droplets return to a continuous flow, 

demonstrating reversible mixing of the oil phases. 

Fig. 3 (a) various type and ways of creating droplets (reproduced with permission from68: copyright 2017, Royal Society of Chemistry), (b) Flow focusing, a passive flow control 

technique (reproduced with permission from69: copyright 2020, IOP Publishing). 
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The light source was a simple LED diode, so the setup did not 

depend on a laser or any complicated optical setups.78 Active mixing 

is also attainable with many other stimuli, such as laser-sourced light, 

magnetic, acoustic, electric, and thermal fields.79–81    

The last but essential transport process is the ability to transfer 

heat, and the capability to transport heat strongly depends on the 

surface area to volume ratio available for heat transfer. At the micro-

scale, the surface-to-volume ratio is very high (20,000 m2/m3) over 

the conventional reactors (1000 m2/m3).82 This will facilitate the 

reactant molecules to experience Isothermal temperatures during 

the reaction to generate a product of uniform quality, as the reaction 

rate is very much dependent on the temperature. However, due to 

the laminar flow conditions in the microfluidic reactors, heat transfer 

coefficients tend to deteriorate because of the increase in thickness 

of the thermal boundary layer with time. Active and passive heat 

transfer enhancement and heating strategies could be used to 

provide uniform heating and cooling experience for the precursor 

reagents during the reactions and enhance the heat transport. In 

addition, the mass transfer can also be improved at higher 

temperatures by enhancing the mixing of different chemical 

reagents. The active or non-contact heat transfer enhancement can 

be achieved through light, induction heating, and dielectric 

microwave heating.83 An example of microwave heating of non-

aqueous droplets is shown in Error! Reference source not found.b. 

An Indium alloy electrode integrated with the device locally provides 

microwave power making it locally heat the samples, enhance the 

reaction rates and produce a higher yield of nanoparticles.84 These 

localized heating approaches make the process more robust and 

energy-efficient.85,86 Error! Reference source not found.c shows 

another example of an efficient heat transfer process to maintain 

isothermal temperatures by artificial solar light source87. The 

microfluidic reactor has a nucleation and growth zone that can 

absorb light. These localized rapid heating techniques provide the 

constant temperatures required for each zone. 

One widely used passive strategy is modifying the reactor's 

geometry using flow manipulation or obstruction to achieve non-

laminar flow and enhance the heat transfer coefficients. 

Marschewski et al.88  investigated the effect of herringbone 

structures (Error! Reference source not found.d) on heat transfer 

using dry-etched microchannels. The devices with the geometry 

modification showed a significant increase in the ratio of 

convective heat transfer to the conductive heat transfer (Nusselt 

number, Nu). This is clearly indicated by Nu = 32.2  over just Nu of 

6.6 for the device with no modification. This enhancement is made 

Fig. 4 (a) magnetic driven, an active flow control technique (reproduced with permission from70: copyright 2009, Royal Society of Chemistry, (b) droplet-based mixing, 

passive mixing method (reproduced with permission from74: under the terms of the CC BY 4.0, (https://creativecommons.org/licenses/by/4.0/)). 

 

https://creativecommons.org/licenses/by/4.0/
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possible by manipulating flow into chaotic helicoidal fluid path 

patterns. 

While no universal specific control factors govern the reaction 

and assembly of nanomaterials, each reaction is different. The 

transport phenomena discussed above, along with reaction kinetics 

and thermodynamics, play a deciding individual or integrated and 

interdependent role in dictating the end product's characteristics. 

Microfluidics makes these types of investigations more efficient and 

controlled to unravel the mechanisms of these synthesis processes, 

which will be insightful for scalable nanomanufacturing. These 

studies will also provide whether micro-scale reactors are necessary 

to replace a large batch-type reactor to produce nanomaterials for a 

particular reaction mechanism. The following section discusses the 

recent progress in exploiting the transport processes to control the 

reaction and assembly of various nanomaterials realized using 

microfluidics. 

 

4. Recent progress in bottom-up controlled 
synthesis and assembly 

This section discusses the recent progress in the controlled 

nanomanufacturing of a wide range of nanomaterials such as metals, 

metal oxides, metal chalcogenides, and nanocomposites. using some 

selected case studies. Researchers over the past decade made 

significant contributions to the field by investigating different 

techniques to regulate the synthesis of nanomaterials.  

Table 2 lists the library of nanomaterials synthesized using 

microfluidic reactors.

 

Table 2 List of nanomaterials synthesized using microfluidics 

Nanomaterial Strategy Control Method Features References 

Cu nanocolloids T-shaped stainless-
steel reactor 

- 4.25 nm 89 

Cu NPs Lab-on-chip Flow rate control 9-14nm 90 

Ni nanocrystals Glass reactor Ligands  FCC tetrapods 91 

Pd, Au, Pd-Au, Pd-Pt PTFE tube Segmented flow Sphere, cubes, octahedra 92 

Au Lab-on-chip Flow rate & channel width 11.5 nm 93 
Au Glass capillary Varying reactor geometry - 94 

Pd Copper capillary Controlled concentration  5-200 nm 95 
Ni Stainless steel tube Flow rate 6.43-8.76 nm 96 

Ag Lab-on-chip  Flow rate 5 nm 97 

Ag Lab-on-chip Flow rate 2-10 nm 98 
Ag Tygon tube Flow rate 2-15 nm 99 

Fig. 5 a) photo mixing, an active mixing method (reproduced with permission from78: copyright 2013, American Chemical Society), (b) microwave dielectric heating, active non-contact 

heating (reproduced with permission from84: copyright 2013, Royal Society of Chemistry), (c) solar heating (reproduced with permission from87: copyright 2014, , Royal Society of 

Chemistry), (d) geometry modification, a passive heat transfer enhancement (reproduced with permission from88: copyright 2015, Elsevier Ltd). 
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Au PTFE tube Two-stage reactor < 5 nm 100 
Au PEEK tube Co as sacrificial template Hollow gold NPs 101 

Au FEP tube Segmented flow 3-25 nm 102 
Pt Silicon-pyrex tube Reducing agents - 103 

Pt PTFE tube Flow rate 3.5-5 nm 104 
Au Lab-on-chip Flow rate Spherical, 13-40 nm and 

1.4-4.3 aspect ratio of 
nanorods 

105 

AuPd Lab-on-chip Cyclone mixer 1 nm 106 
Au, Pd, AuPd Lab-on-chip Cyclone mixer 5-7 nm 107 

Au/Ag Lab-on-chip Combinatorial  108 
Magnetic iron oxide PTFE tube Helical microreactor 141 nm 109 

ZnO Stainless steel tube Deans number Tactoid and Spherical 
assembly 

110 

ZnO Lab-on-chip Flow rates Seven distinct micro/nano 
ZnO structures were 
formed 

111 

Hollow SiO2 Lab-on-chip Spiral microreactor Hierarchical pore sizes less 
than about 100 nm 

112 

SiO2  Lab-on-chip Flow rates nanofibers 113 

SiO2 Lab-on-chip Surfactants concentration Film, platelets, spheres, 
and rods 

114 

SiO2 Lab-on-chip Surfactants concentration Biomimetic hierarchical 
shape 

115 

TiO2 Lab-on-chip Precursor flow rates Nanotubes 116 

Hollow silica NPs (HSNP) Stainless steel tube Hydrodynamic flow focusing Uniformly dispersed 30nm 
HSNPs 

117 

ZnO QDs PTFE tube Ultrasonic power and flow rate - 118 
CdSe SS tubing Temperature control Angular, tripod, irregular 

polygon, and spherical NCs  

119 

CdSe QDs Lab-on-chip and 
capillary tube 

Fatty acid amine ligands Spherical 120 

PbS CQDs Capillary tube Dual stage with temperature 
control 

Spherical 121 

Ag-ZnO Capillary tube Flow rate Flower, nanorod array 
nanostructured films 

122 

TiO2@Au NPs PTFE tube pH control 50-70 nm core with 40-100 
nm branches 

123 

LaF3/LaPO4: Ce, Tb PTFE microcapillary Contact & non-contact heating - 124 

LaPO4: Eu Microcapillary Residence time 4 nm dia and 6 nm length 125 

YVO4: Eu Stainless steel tube  Heat flux and flow rates Oval shape NPs 126 
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4.1 Metals 
Metal Nanoparticles/nanostructures found applications in various 

fields, such as drug delivery, catalysis, photovoltaics, and electronics. 

Silver (Ag), gold (Au), platinum (Pt), palladium (Pd), copper (Cu), and 

Nickel (Ni) NPs are used in many applications because of their 

properties such as electrical conductivity, anti-microbial and 

localized surface plasmon resonance (LPSR) and high reflectivity.127–

130 The size, shape, and morphology of these nanomaterials impact 

the efficiency of an application where they are being used.  

Over the years, many chemical solution methods have been 

developed to synthesize Ag NPs. Tollen’s and Modified Tollen’s 

reactions (shown below) produced the NPs without organic ligands. 

However, these reactions are rapid, and hard to control the 

residence time precisely to control the nucleation and, thereby, the 

size of Ag Nps. It is well-known that the nucleation and growth 

process can effectively regulate nanoparticle size and size 

distribution. To approach this, in a conventional flask-type reactor, 

the residence time is controlled by the reaction time, while in a 

microfluidic reactor, it is governed by the fluid flow (such as flow 

rates) of the precursors and/or the reactor length. Varying residence 

time through flow rate tuning is the most common and primary 

control mechanism. 

 

𝐻𝐶𝐻𝑂 +  2[𝐴𝑔(𝑁𝐻3)2]+ +  2𝑂𝐻−  →  𝐻𝐶𝑂𝑂𝑁𝐻4  +  2𝐴𝑔 +

 3𝑁𝐻3 + 𝐻2𝑂  

 

Choi et al.99 investigated the above silver mirror reaction, and the 

flow rates are used to govern the residence time to control the 

nucleation and growth (Fig. 6a). This microfluidic synthesis and UV-

Vis spectroscopic measurements revealed the residence time 

conditions to prevent the aggregation of nanocrystals. Fig. 6b & 6c 

show that more pronounced peak at 450 nm when a flow rate of 0.4 

mL min-1 while no prominent peak corresponds to a higher flow rate 

of 0.73 mL min-1. Another meaningful learning from this investigation 

is that microfluidic synthesis can directly deposit nanofilms. In 

contrast, the batch process requires a foreign-methods such as spin 

coating and dip coating or other solution deposition techniques. 

With the capability of controlling aggregation without organic 

binders, a film with good adhesion quality is developed. Fig. 6d-6f 

shows the growth of coverage of silver islands on the substrate and 

respective optical properties of the deposited film. The coverage of 

Ag islands increased with an increase in deposition periods. 

Segmented flow microfluidic reactors are another type of 

transport control to produce controlled size and shape. In this 

method, the droplets act as individual microreactors and provide 

homogeneous temperature and mixing that will enhance product 

quality in terms of size, shape, and morphology. Zhang et al.92 

investigated the synthesis of gold and palladium NPs in a droplet-

based microreactor, as shown in Fig. 7a. As discussed in the previous 

section, various methods exist to create these types of droplets in 

microfluidics. This study approached the path of using multi-phase 

liquid-liquid segment possible by surface tension difference between 

oil and water-based flow. The pre-mixed reactants mixed in a T-mixer 

enter another T- mixer where they meet the continuous phase of 

Fig. 6 a) Reaction mechanism of silver nanocrystal formation, b, c) UV-Vis spectra of silver mirror reaction progress, d, e, f) SEM micrographs (1 µm scale bar) and 

optical properties of silver nanocrystals at different times 2, 5, 9 min (reproduced with permission from:99 copyright 2017, Royal Society of Chemistry). 
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silicon oil to create discreet droplets of reactants. The size of particles 

can be varied by using Au clusters as initial seeds for growth and the 

exploitation of formed NPs from clusters as seeds for further growth. 

They observed that the size and shape were also influenced by 

changing the seed solution concentrations and the reductant 

concentrations. Fig. 7b shows different sizes and shapes of Au Nps 

produced using droplet reactors with varied concentrations of 

reductant and seed solution by altering the kinetics. As reducing 

agents used in nanomaterial synthesis influence the size and shape 

of nanostructures, researchers have also studied gas-liquid systems 

to control and manipulate the morphology of nanostructures by 

varying the mixing conditions to adjust the mass transfer between 

the precursor and reducing agents. Sebastian et al.131 used this gas-

liquid segmented flow with enhanced mass transfer between the 

continuous and discreet phases to produce various sizes and shapes 

of faceted Pt and Pd by varying the gas type. More recently, Huang 

et al.102 investigated a gas-liquid segmented flow system (Fig. 7c) to 

synthesize uncapped Au Nanoparticles rapidly. This investigation has 

two important observations in terms of flow control and mass 

transfer control. Firstly, as the ratio of liquid-to-gas flow rates 

decreases, the mass transfer between the two phases is enhanced 

because of the larger surface to volume to ratio. Secondly, the 

reaction conditions, such as pH, can be varied and significantly 

influence the growth and nucleation process, particle size, and 

distribution. This outcome is imperative for reactions influenced 

considerably by pH, such as synthesizing Au NPs using HAuCl4. The 

reactivity of this precursor is very high at lower pH.102 Fig. 7d shows 

the integral relationship between the concentration of precursors, 

liquid-to-gas flow rate, and pH. As the concentration decreases, the 

minimum particle size moves to the left. This result indicates the 

integrated relationship between the concentration of Au precursor 

and the ratios of liquid-to-gas flow rates.

 

 

 

 

 

 

 

 

Fig. 7 (a) Droplet-based microfluidic reactor for metal NPs production, (b) TEM micrographs of 10 nm Au spheres, 15 nm of Au spheres, 30 nm of Au spheres, 50 nm Au 

Cubes (reproduced with permission from:92 copyright 2014, American Chemical Society).(c) Gas-liquid segmented flow system for Au Nps, (d) size of Au Nps at different 

liquid to gas flow rate ratios and precursor concentration  (reproduced with permission from:102 under the terms of the CC BY 3.0, 

https://creativecommons.org/licenses/by/3.0/). 
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Fig. 8 (a) Helical microreactor, (b) different assembly of ZnO at different dean number, (c) SEM micrographs of different assembly structures (reproduced or 

adapted with permission from110:copyright 2013, Royal Society of Chemistry) (d) Different types of nanocrystal assembly and nanostructured thin films 

(reproduced with permission from136:copyright 2014, American Chemical Society) (e) TEM micrographs and COMSOL concentration profiles of various reaction 

conditions (reproduced with permission from111:copyright 2019, Elsevier). 
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4.2 Metal oxides 
Metal oxide (MO) nanostructures have been used in various critical 

fields, such as sensors, photovoltaics, electronic and optoelectronic 

devices, supercapacitors, and energy storage devices.132–135 The 

essential advantage of microfluidics is the capability of tuning 

nanostructures, and have been significant research in terms of 

adjusting the shape and assembly of MO nanostructures for diverse 

applications. 

The above section discusses how fluid flows control the metal 

nanostructures' size and shape. This section outlines how Dean 

vortices formed inside a curved microreactor due to the secondary 

flow would influence the MO nanomaterials assembly due to mass 

transfer enhancement. The segmented flow discussed in the 

previous section depends on the continuous and discreet phases and 

the ratio of their flow rates. While the dean vortices rely on the 

geometry of the reactor and flowrates as the dean number, which is 

characteristic of dean flow, is a function of the Reynolds number and 

mean radius of curvature of the reactor. Choi et al.110 used a helical 

microreactor (Fig. 8a) to study dean vortices' effect on ZnO 

nanocrystal assembly. They varied the flow rate to achieve different 

dean numbers (36, 78, and 150) at a constant pH. This approach 

resulted in three-dimensional nanostructures, as shown in Figures 

Fig. 8b & 8c. This assembly is due to enhanced mixing due to dean 

vortices that lead to collisions of ZnO nanocrystals with each other 

and the frequency with which those collisions occur. Later, based on 

this work, the authors assembled different nanostructured films of 

ZnO from different shapes of ZnO nanocrystals by varying the growth 

conditions, as depicted in Fig. 8d. The results also showed that 

deposition on a stationary substrate led to a crystalline film, while an 

amorphous film formed when the substrate was spinning at the same 

fluid flow rate condition. In another study, Hao et al.111 synthesized 

the ZnO micro/nanostructures in a spiral microfluidic reactor and 

studied the different morphology of particles for various 

applications. In contrast to previous works110,136, which focused on 

investigating the Dean number effect on assembly at constant pH, 

this work investigated formation and assemblies at different ratios of 

concentrations of reactants which lead to the formation of spherical 

to platelet shape particles as shown in Fig. 8e. As the flow rate ratios 

were changing, the formation and assembly of these nanomaterials 

could have been influenced by the reaction pH that would heavily 

influence the kinetics of the reaction. The authors also reported a 95-

98% yield for these seven different morphologies, which could 

produce several grams of these materials daily. 

 
4.3 Metal chalcogenides 
Metal chalcogenide (MC) nanostructures are essential in 

nanomaterials as they display unique electronic and optical 

properties. These unique properties allow them to gain increasing 

research interests in sensing, optoelectronic devices, 

electrocatalysis, solar cells, energy storage, and many other 

applications.137–139 For all these applications, physicochemical 

properties, such as particle size, shape, dispersity, and surface 

chemistry, are again essential factors in determining the efficacy of 

these materials. Several studies have been conducted to produce MC 

nanoparticles (CdSe, CuInSe2) in microfluidic reactors, such as 

capillary reactors to solar microflow reactors.87,140–143  

Uniform temperature plays a vital role in controlled 

nanomaterials synthesis. Here, two case studies of controlled 

temperature synthesis of MCs are selected to discuss the 

temperature effects. Fig. 9a illustrates the schematics of a 

microfluidic reactor setup for producing CdSe nanocrystals. In this 

study, Wang et al.119 pre-prepared CdSe precursor solution by mixing 

Cd precursor solution with Se precursor solution. The precursor 

solution then flows through the microreactor maintained at a 

sufficient temperature to promote nanocrystal formation and 

growth.  Nanocrystals with different morphologies (Fig. 9b) were 

produced at different temperatures, showing photoluminescence 

spectra changing from bright green to red. These results indicate that 

precise heat transport is essential in producing similar shapes and 

sizes of nanostructures. 

Furthermore, a critical advantage of microfluidic reactors is 

numerous pathways to separate the nucleation and growth stages to 

get better control over nanomaterial synthesis and ease of 

scalability. One of the ways to achieve this is by multi-stage localized 

temperature control. Pan et al.121 demonstrated a two-stage 

microfluidic reactor (Fig. 9c) to control the dispersity of PbS colloidal 

quantum dots (CQDs) compared to a batch reactor. Fig. 9d-f shows 

that produced CQDS is comparable to batch synthesis and shows 

monodisperse nanostructures after purification and redispersion. 

The authors claim the yield is about 2.5 times higher than batch 

reactors. This example shows the promise of microfluidics from 

converting lab-scale synthesis to commercial scale. 

 

4.4 Composite and doped nanomaterials 

The following covered material class consists of nanomaterials that 

combine different materials, taking advantage of their 

complementary properties and behaviors. They can consist of 

materials from separate classes (e.g., metals and metal oxides); we 

will refer to them as composite or doped nanomaterials. Composite 

nanomaterials contain two constituents at the molecular or 

nanometer level, combined via different methods. We will cover two 

classes of composite materials: nanocomposites and core-shell 

particles. Nanocomposites combine inorganic materials through the 

incorporation of nanoparticles into a matrix. The addition of 

nanoparticles can drastically improve material properties such as 

mechanical strength, thermal and chemical stability, and optical, 

electrical, or catalytic properties. As such, nanocomposites have seen 

use in many applications across biomedical, photovoltaic, catalytic, 

and electronic fields.144 The size, shape, and morphology of the 

matrix and nanoparticle phases profoundly influence the resulting 

nanocomposite performance. Core-shell particles differ from 

nanocomposites in that instead of incorporating one material into 

another matrix, one constituent forms an outer shell around an inner 

core constituent. The core and shell materials can have synergistic or 

complementary properties. Doped nanomaterials are attained when 

a different element is introduced into the lattice structure of a host 

material as an impurity and are typically used to tune electrical 

properties. Whereas composite nanomaterials have two distinct 

phases of materials, doped nanomaterials are single phases. Several 

research groups have demonstrated that the material properties of 

these composite materials can be controlled by tuning microfluidic 
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parameters and conditions such as flow rate, heating, and flow 

behavior. 

Fig. 10a illustrates the design of a microfluidic deposition 

process for the deposition of Ag-ZnO nanocomposite films.122 Each 

material stream before entering the micromixer, can be 

independently varied to have different flow rates, temperatures, 

tube lengths, and flow behavior, allowing for a multitude of 

controllable parameters which can play a role in the resultant Ag-ZnO 

film. For example, by varying the flow rate of the ZnO nanoparticle 

stream, various ZnO morphologies such as flower-like films, nanorod 

array films, and amorphous films could be produced (Fig. 10b). The 

nanocomposite films retained their structure after the deposition of 

Ag nanoparticles onto the ZnO matrix and were found to have 

enhanced photocatalytic activity and efficiency over pristine ZnO 

films.  Marelli et al.123  synthesized TiO2-Au nanocomposites using 

ascorbic acid as a reducing and stabilizing agent (Fig. 10c). Multi-

branched Au NPs coated by TiO2 (Fig. 10b &10c) are synthesized by 

controlling the pH of the reaction by varying the ascorbic acid 

available for the reaction. Fig. 10 d shows the photocatalytic 

degradation of rhodamine B at different times, and a comparison of 

photocatalytic activity reveals that commercial TiO2 could not 

degrade as synthesized TiO2-Au composites.

Fig. 9 (a) schematic of microfluidic setup. (b) TEM micrographs of various shapes of CdSe nanocrystals (reproduced with permission from119 :copyright 2017, American Chemical 

Society). (c) schematic of microfluidic device for PbS CQDs. (d) PLQE and absorption spectra comparison between batch and microfluidic synthesis, e) TEM micrograph of CQDs 

produced by microfluidic reactor; scale bar 20 nm, f) XPS spectra  (reproduced with permission from121 :copyright 2013, American Chemical Society). 
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The temperature of the reaction can be controlled by varying the 

heat flux or using more efficient and faster non-contact heating 

techniques. In this section, we select two case studies of controlled 

synthesis of nanomaterials to illustrate the temperature and type of 

heating effects. He et al.126 used a hydrothermal microreactor, as 

shown in Fig. 11a, to synthesize yttrium orthovanadate (YVO4) 

nanoparticles doped with europium (Eu). Effects of flow rates and 

heat flux on morphology, crystallinity, and site symmetry were 

Fig. 10  (a) schematic of Ag-ZnO microfluidic deposition setup. (b) SEM micrographs of ZnO flower-like and nanorod array and Ag-ZnO 

flower-like and nanorod array films (reproduced with permission from122:copyright 2019, Royal Society of Chemistry), (c) schematics 

showing TiO2 @AU NPs, (d) TEM micrograph of nanocomposite, e) HRTEM image of composited with arrows indicating TiO2 conformal 

layers (reproduced with permission from123:copyright 2020, American Chemical Society). 
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investigated thoroughly. SEM micrographs in Fig. 11b show that the 

aspect ratio of particles increased with higher heat flux, and particles 

with oval-shaped features are obtained at 1800 W/m2. Fig. 11c 

shows the energy transfer and CIE chromaticity of nanocomposite 

particles.   Fig. 11d illustrates the experimental setup for 

synthesizing LaF3:Ce,Tb and LaPO4:Ce,Tb nanocrystals. Reagent 

solutions are pumped via syringes into a micromixer and then flow 

through a heat treatment step before being deposited in a sample 

bottle.124 The heat treatment is either microwave irradiation (MW)  

or oil bath (OB) heating, and the type of heating impacted the 

resulting morphology and crystallization of the nanocomposites. 

Overall, microwave irradiation resulted in more monodisperse and 

higher crystallinity LaF3:Ce,Tb nanoparticles. In LaPO4:Ce,Tb nanorod 

systems, microwave irradiation resulted in more monodisperse and 

smaller nanorods with higher crystallinity. Using oil bath heating 

resulted in larger nanoparticles of varying morphologies, which 

included nanorods, nanowires, and nanosheets (Fig. 11e). This study 

shows the type of heating could impact material properties such as 

size, shape, dispersibility, and crystallinity.

1 

  

Fig. 11  (a) Schematics of hydrothermal microreactor, (b) SEM micrographs of NPs synthesized at different heat flux conditions, (c) energy transfer in NPs at NUV/UV and 

CIE chromaticity diagram ( reproduced permission from126:copyright 2020, IOP Publishing). (d) schematic of microfluidic device for LaF3:Ce,Tb and LaPO4:Ce,Tb syntheses. 

(e) TEM and HRTEM micrographs of LaPO4:Ce,Tb nanorods prepared by both microwave irradiation (top images) and oil bath heating (bottom images) (reproduced with 

permission from124: copyright 2009, Royal Society of Chemistry). 
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5. Recent progress in top-down microfluidic 

exfoliation of two-dimensional nanosheets 
The remarkable physical and chemical properties of two-dimensional 

(2D) materials enable advanced electronic, catalytic, energy, and 

biomedical applications.145–147 To harness these properties, mono- or 

few-layer 2D nanosheets must be delaminated from bulk materials. 

Among various exfoliation technologies, liquid phase exfoliation 

(LPE) is the most widely used to produce these 2D nanosheets, but 

its drawback is apparent with low exfoliation efficiency and low 

scalability.15,148  
Microfluidics has improved the exfoliation efficiency of 2D 

materials because it can induce a more uniform driving force for 

exfoliation in a small active area.61 In addition, by precisely 

controlling and manipulating microfluidic flow, it is possible to 

produce high-quality two-dimensional nanosheets with low defects 

and large lateral sizes within an integrated system.64,65,149,150 Some 

recent representative works exfoliating 2D nanosheets using 

microfluidic are listed in Table 3. Microfluidic-based exfoliation 

technology generally utilizes sonication or high-shear mixing energy 

to fragment and delaminate bulk 2D material into thin-layered one. 

Cavitation effect or strong shear stress induced by sonication or 

shear rotor, respectively, can uniformly propagate throughout 2D 

material dispersion compared to conventional batch exfoliation 

processes, significantly improving exfoliation efficiency and 

uniformity of resulting 2D nanosheets. According to Table 3, different 

microfluidics methods have been employed to produce various 2D 

nanosheets. Selected case studies of producing 2D nanosheets by 

various methods are discussed below.  

Using the AM process, Choi et al.64 produced few-layer BP 

nanosheets and BP quantum dots. The flow rate of the precursor 

dispersion was found to play an essential role in determining the 

cavitation effects, and at an optimal flow rate, few-layer BP 

nanosheets were obtained with a 45% exfoliation efficiency within a 

6 min residence time. The efficiency of the AM system was higher at 

all initial bulk BP concentration ranges than the batch system (Fig. 

12a). The flakes obtained by the AM method showed a stripe shape 

with a lateral size of 492 ± 235 nm. Along with the higher efficiency, 

the AM process produces 2.5 ± 1.2 nm thick flakes on average, 

corresponding to 2–4 layers of phosphorene, which is thinner than 

7.2 nm thick flakes obtained by the batch exfoliation (Fig. 12b). Few-

layer BP nanosheets were further treated in the AM process to 

fragment them into smaller ones, eventually forming BP quantum 

dots. Inspired by these studies, Choi et al.53,151 manufactured a 

superhydrophobic silicon nanowire (SiNW) microfluidic device. The 

superhydrophobic SiNW microfluidic system was devised to supply a 

bulk material dispersion into a patterned superhydrophobic SiNW 

microchannel (Fig. 12c). This device is featured with the wise 

utilization of distinct surface energy differences along the interface 

of superhydrophobic SiNWs and hydrophilic liquid phase. Thus, as 

hydrophilic 2D nanomaterial dispersion flows inside the 

microchannel, it does not wet the superhydrophobic SiNWs and 

forms a stable air-water interface along the microchannel. The 

interface between the dispersion and superhydrophobic SiNWs can 

serve as activation sites for the onset of cavitation bubbles, leading 

to considerably improved exfoliation efficiency compared to a 

process without the two-phase interface. Notably, nearly 80% of bulk 

BP was transformed into thin-layered BP nanosheets within 5 nm 

thickness in a few minutes of process time. 

Graphene is the most widely produced 2D nanosheet by 

microfluidization. Karagiannidis et al.62 conducted a comprehensive 

study covering graphene production via microfluidization, graphene 

ink formulation, and application. Notably, highly concentrated 

aqueous graphene dispersion was prepared by microfluidization 

after optimizing the graphite and surfactant ratio and critical 

processing parameters. After 100 cycles, graphite reduced its lateral 

size and thickness to approximately 1 µm and 12 nm, respectively, 

with 100% yield (Fig. 13a). 

However, the high number of processing repetitions caused the 

degradation of exfoliated graphene. Thus, mild exfoliation conditions 

such as reduced cycling repetition were adopted for practical 

applications to produce conductive graphene ink with high 

performance.  

Del Rio Castillo et al.65 exfoliated various 2D materials, including 

h-BN, graphene MoS2, and WS2, via the WJM process. Although 

detailed information on the yield was not discussed, WJM could 

produce monolayer or few-layer 2D nanosheets with a concentration 

of 10 g L-1 and the productivity of 2L h-1, demonstrating the WJM’s 

capability for very fast and scalable production of 2D nanosheets. 

Thin layers of MoS2, WS2, and h-BN nanosheets were generated, with 

lateral sizes reduced to 380, 500, and 340 nm and thicknesses to 6.0, 

4.5, and 2.4 nm for MoS2, WS2, and h-BN nanosheets. Ahmed et al.152 

exfoliated MoS2 using a chip-scale piezoelectric device as a 

microfluidic nebulizer at high-frequency (10 MHz) acoustic excitation 

(Fig. 13b). An acoustic wave generated in the device created high 

shear stress for the exfoliation of bulk MoS2 and simultaneously led 

to the formation of MoS2 microdroplets that were subsequently 

transferred to a pre-patterned plate for large patterning of MoS2 

nanosheet film. However, this process is limited to 2D materials 

exhibiting the piezoelectric response of non-centrosymmetric 

materials such as MoS2, WS2, and other transition metal 

dichalcogenides (TMDC). The overall yield was reported to be ~2%, 

of which ~41% consisted of monolayers. 

Although the microfluidic-based approaches can be an 

alternative to the conventional bath systems for efficiently producing 

2D nanosheets, their ability to scalable production of 2D nanosheets 

has fallen behind demands for practical applications of 2D 

nanosheets, particularly toward the commercial level. Numbering up 

of microfluidic devices may be a solution to meet the production 

demand, but the high equipment cost and energy consumption of 

WJM or microfluidization is a preliminary issue to be addressed for 

the numbering up strategy. The AM process uses a laboratory sonic 

bath that is simple and cheap. Therefore, this AM process may be a 

cost- and energy-effective means for numbering up. However, the 

exfoliation efficiency of the AM process is still very low, making the 

production cost of the 2D nanosheets uneconomical for 

commercialization. To realize the commercial level of 2D nanosheet 

production, an advanced microfluidic device should be developed to 

significantly enhance the production yield with almost 100 % 

conversion from bulk to 2D nanosheets free of defects. 
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Table 3  Recently published works on different types of 2D materials produced by microfluidics 

Material Synthetic Method 
Features 

Reference 
Lateral Thickness 

Black phosphorene Acoustic-microfluidic - 400 nm - 5 nm 53 
Black phosphorene & Quantum dots Acoustic-microfluidic 500 nm - 4 nm 64 
Graphene Quantum dots Microfluidization - 3 nm - 5 nm 153 
Graphene Microfluidization - 7 µm - 10 nm 63 
Graphene Lab-on chip - 400 nm - 7 nm 66 
Graphene Microfluidization 0.5 - 200 µm - 20 nm 62 
Graphene Microfluidization 1.24 µm - 10 nm 154 
Graphene Microfluidization  - 4 nm 150 
Graphene, h-BN, MoS2, WS2 Wet-jet milling - 460 nm - 5 nm 65 
h-BN Microfluidization  8-12 nm 155,156 
MoS2 Lab-on chip - 200 nm - 8 nm 152 

 

Fig. 12 (a) and (b) dimensional analysis of black phosphorus nanosheets produced by AM process (reproduced with permission from64: copyright 2017, Elsevier), (c) scheme of 

superhydrophobic SiNWs microchannel device to promote cavitation effect over the two-phase interface (reproduced with permission from151: copyright 2018, Elsevier B.V.).  
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6. Outlook and conclusions 
Despite the tremendous progress over the last decade, knowledge 

gaps and challenges still exist and must be solved. More studies of 

transport studies are required to understand the mechanism of 

control and assembly for a wide range of materials. For example, 

mixed metal oxide/chalcogenide nanostructure (quaternary, ternary, 

or spinel oxides) have many applications, from optoelectronics and 

catalysis to energy storage.  A combinatorial synthesis approach can 

lead to a better understanding of the connection among syntheses, 

structures, and material properties of different nanostructure 

Fig. 13 (a) dimensional analysis of graphene produced by microfluidization (reproduced with permission from62: copyright 2017,  American Chemical Society, CC-BY 4.0, 

https://pubs.acs.org/page/policy/authorchoice_ccby_termsofuse.html), and (b) scheme of chip-scale piezoelectric device for delamination of 2D materials and in-situ patterning of 

2D nanosheet film (reproduced with permission from152: copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim). 
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assemblies and compositions. There are not many combinatorial 

nanomaterial synthesis studies using microfluidics in the literature. 

One study that stood out is the 33 Au/Ag ratio multi-colour 

nanoparticle manufacturing using 2 inlet streams to generate 33 

different solutions.108 This study shows the promising capability of 

exploiting microfluidics to synthesize and evaluate the performance 

of these complex oxides and chalcogenides for their application 

areas. 

There is no study on controlling the transport processes of 2D 

nanosheet exfoliation. 2D nanosheets are exfoliated from their bulk 

form, top-down, not based on synthesis. In addition, the cavitation 

effect, an energy source for the exfoliation of 2D nanosheets, is a 

highly complex phenomenon, and only empirical studies on 

controlling cavitation have been conducted. Flow rate is a critical 

factor in governing the magnitude of cavitation, as cavitation bubble 

dynamics are significantly affected by flow rate. An optimal flow rate 

range exists, preventing the coalescence of cavitation bubbles and 

facilitating the cavitation effect. A flow rate spectrum out of the 

optimal range would sweep the cavitation bubbles before their 

activation or induce their merging to form large inactive bubbles for 

the cavitation effect.     

It is encouraging to see Fully automated syntheses for regulating 

the growth and assembly of nanomaterials. However, the studies 

often do not run long enough to understand the fouling of 

microchannels, their cleaning or replacement frequency, and their 

effect on the ability to tune nanomaterials. More research is needed 

concerning the path forward for the scaling approach of in terms of 

one-time or reusable reactors. If one-time use, the economics of this 

method and strategies to recycle those reactor materials remains to 

be further studied. 

Another area that requires more research for the field to grow 

is in-situ real-time monitoring of controlled synthesis and integrating 

the data with machine learning models to predict and improve the 

synthesis conditions with a smaller number of iterations. In-situ 

monitoring of batch and continuous nanoscale structures using 

small-angle X-ray scattering (SAXS), wide-angle X-ray scattering 

(WAXS), X-ray absorption spectroscopy (XAS), transmission X-ray 

microscopy (TXM), and operando XAS and SAXS are excellent 

examples.157–160   

With advances in additive manufacturing and 3D printed 

microchannels, many innovative designs could be designed and used 

to control the transport processes and tune the nanomaterials. 

Fig. 14 Tuning transport processes for controlled synthesis. 
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In conclusion, microfluidics has significantly advanced the 

synthesis of nanomaterials due to their unique capability to govern 

transport phenomena. This review discussed the various types of 

existing methods of transport control and the exploitation of those 

methods for controlled synthesis of a diverse range of functional 

nanomaterials. Compared to batch reactors, microfluidics provides 

exceptional reaction control for precise tuning of the size, dispersity, 

morphology, and, therefore, functions of materials. Multi-stage 

reactors for nucleation and growth separation, non-contact 

techniques for uniform localized heating, segmented flow reactors, 

and dean vortices to enhance mass transfer are methods to govern 

the synthesis. As shown in Fig. 14, the nanomaterials produced by 

tuning transport processes are promising to generate diverse 

nanomaterials with size, shape, and nanostructures.
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