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Abstract: The inception of microfluidic devices marks a confluence of diverse scientific domains,
including physics, biology, chemistry, and fluid mechanics. These multidisciplinary roots have cat-
alyzed the evolution of microfluidic devices, which serve as versatile platforms for various chemical
and biological processes. Notably, microfluidic devices have garnered attention as efficient reactors,
offering distinct benefits such as minimized spatial requirements for reactions, reduced equipment
costs, and accelerated residence times. These advantages, among others, have ignited a compelling
interest in harnessing microfluidic technology for the conception, refinement, and production of
various nanomaterials and nanocomposites, pivotal within both industrial and medicinal sectors.
This comprehensive exposition delves into multifaceted aspects of nanomaterial synthesis, under-
scoring the transformative role of microfluidic methodologies as a departure from conventional
techniques. The discourse navigates through intricate considerations surrounding the preparation of
nanomaterials, elucidating how the microfluidic paradigm has emerged as a promising alternative.
This paper serves as an illuminating exploration of the juncture between microfluidic innovation and
nanomaterial synthesis. It traverses the transformative potential of microfluidics in revolutionizing
traditional approaches, heralding a new era of precision engineering for advanced materials with
applications spanning industrial to medicinal domains.

Keywords: nanomaterials; synthesis processes; microfluidic process; cost-effective

1. Introduction

Nanomaterials represent a fascinating class of substances sought after for their diverse
practical applications. Defined by their size falling within the 1 to 100 nm range, these
materials hold immense promise across various fields. Fabricating nanomaterials involves
employing various methods tailored to their specific types and properties. The two primary
approaches used for their development are the “top-down” and “bottom-up” methods,
as illustrated in Figure 1 below [1]. In the bottom-up approach, materials are built atom
by atom or molecule by molecule, ultimately forming nanoparticles (NPs). This process
often begins at the atomic scale, where nucleation occurs, forming nanoscale structures.
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Conversely, the top-down method involves breaking down larger bulk materials into
nano-sized entities [2]. Techniques such as mechanical milling, laser ablation, etching,
sputtering, and electro-explosion are commonly utilized in top-down methodologies to
achieve this size reduction [3]. The bottom-up approach allows for precise control over
the structure and composition of nanomaterials, enabling the design of novel materials
with tailored properties. It offers opportunities for engineering complex nanostructures
with specific functionalities, such as catalytic activity, optical properties, and mechanical
strength [4]. This method is particularly useful for applications requiring uniformity
and scalability, such as nanoelectronics and drug delivery systems. On the other hand,
the top-down approach is advantageous for transforming existing bulk materials into
nanoscale counterparts. This method is often employed when starting with abundant,
readily available materials, allowing for cost-effective production of nanomaterials on a
large scale. However, it may present challenges in achieving uniform size distribution and
controlling the properties of the resulting nanoparticles. Nanomaterials hold immense
potential due to their unique size-dependent properties, with applications ranging from
electronics to medicine. Understanding and harnessing the capabilities of both bottom-up
and top-down fabrication methods are crucial for advancing nanotechnology and unlocking
new opportunities in various industries.
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The importance of nanotechnology increased after the discovery that a major con-
tributing factor to a material’s property is its size. After that, different methods to produce
nanomaterials have been employed worldwide. Some include hydrothermal synthesis,
chemical precipitation, and condensation [5–7]. However, suitable synthesis routes are
important for reaching the desired product quality and application. As a result, a newer
technology like microfluidics emerged [8].

Minimizing the synthesis process using microfluidic channels is an alternate strategy
to traditional approaches. Whitesides states that microfluidics is the learning and advance-
ment of devices for processing or manipulating minimal fluid quantity (10−9 to 10−18 L)
through channels 10 to 100 µm in diameter [9]. Due to their micro-scale dimensions and
mixing, fine control over flow parameters, tunability of particle size, and repeatability,
microchannels provide an alternative to top-down techniques and bulk mixing [10]. In
microfluidic technology, fluid flow is precisely controlled in microchannels with various
diameters and shapes, from micrometers to millimeters. Most important unit operations,
like heat transfer, mass transfer, mixing of fluids, typical automation, and residence time
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distribution are improved due to the geometric shapes and dimensions of the microfluidic
devices [11–13]. Moreover, microfluidic NPs are affected by several variables, including
temperature, precursor concentration, duration, and pH, much like bulk mixing of bottom-
up techniques. Nevertheless, because microfluidics operate continuously, other variables
like residence time, total flow rate (TFR), and flow rate ratio (FRR) also affect these vari-
ables and the physicochemical characteristics of NPs [14]. These merits of the microfluidic
method compared to conventional methods have guided further research in designing
and fabricating low-cost, disposable, and portable microfluidic devices [12]. The above
distinctiveness comes into play in applications in biological, chemical, pharmaceutical,
clinical, medicinal, and other diverse fields of industrial technologies [15,16]. Another
advantage of microfluidic methods is that they mitigate major challenges related to scale-up
reactors. The preparation of nanoparticles and chemical synthesis in these reactors are
extensively done using microfluidic methods [17,18]. This technique has emerged with
tremendous potential in many fields, including biomedical applications [19,20], controlled
drug delivery [21–24], biosensors [25], and energetic materials such as nano 2,6-diamino-
3,5-dinitropyrazine-1-oxide (LLM-105) [26].

This article provides a critical comparative analysis of the conventional approaches
and microfluidic techniques used for nanoparticle synthesis, which is quite missing in
other recent studies [27,28]. It explores the wide diversity of materials that can be pro-
duced using microfluidics and their possible uses. The specific mechanisms employed in
microfluidic systems, such as the Single-Phase Flow (Continuous-Flow) and Multi-Phase
Flow (Droplet-Based) Systems, were also highlighted in this article. Although conventional
techniques have been widely employed in the fabrication of nanomaterials, microfluidic
approaches have unique benefits. Using microfluidics, reaction conditions may be pre-
cisely controlled, resulting in homogenous nanoparticles, nanowires, and nanostructures
with various functionalities. The study thoroughly examines this feature, highlighting
the effectiveness and adaptability of microfluidic techniques. The report also explores the
possible uses of nanomaterials produced via microfluidics in various disciplines. These
materials can potentially improve electrical device performance and facilitate the creation
of new components. They have the potential to increase sustainability and efficiency in
energy applications. In addition, medication transport, diagnostics, and treatments can
all be revolutionized in medicine by microfluidic-generated nanomaterials. It provides
ways to protect the environment by identifying and eliminating pollution. The revolu-
tionary potential of microfluidic technologies is emphasized in contrast with conventional
approaches. Microfluidic procedures provide scalability, reproducibility, and exact control
over the creation of intricate structures. They have the power to completely transform
the synthesis of nanomaterials, resulting in breakthroughs in science and creativity. In a
nutshell, this paper is an invaluable tool for learning about the synthesis of nanomaterials
and how microfluidic techniques may influence the development of numerous sectors in
the future. It looks at the pros and cons of both methods and covers the many uses for nano-
materials produced by microfluidic processes. It emphasizes the profound influence these
developments may have on electronics, energy, health, and environmental preservation,
advancing the transition to a more technologically sophisticated and sustainable future.
Furthermore, staying updated with all the latest achievements and trends in this field of
study is crucial, considering the quick advances in nanoparticle synthesis and application
potential.

2. Methods of Preparation of Nanomaterials

Nanomaterials have become incredibly useful across many fields, especially in medicine,
where they are used in biosensors, targeted drug delivery systems, diagnostic tools, and
therapeutic devices. As a result of this, there is a growing need for nanomaterial synthesis
methods that are not only effective but also affordable and tailored to specific applications
in these areas [18,29]. Figure 1 illustrates various approaches to the fabrication of nanos-
tructures. In the top-down approach, the primary focus is reducing the size, achieved
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through mechanical actions like grinding or milling. While this method is often favored for
large-scale industrial processes, the associated equipment and energy costs can make it eco-
nomically impractical. On the flip side, the bottom-up approach involves the growth and
aggregation of nanostructures, requiring less mechanical force and energy. This method typ-
ically yields amorphous particles with enhanced solubility properties. It is faster, simpler,
and more cost- and energy-efficient, making it well-suited for small-scale nanoparticle pro-
duction with highly uniform size distributions [17]. Figure 2 showcases various techniques
for synthesizing nanoparticles, offering a comprehensive overview of available methods.

Although several techniques are available, as seen in Figure 2, there is a vast difference
between expected and produced nanomaterials. This may be due to several reasons, like
improper selectivity and yielding improper product-controlling parameters [30]. Although
we may get nanoparticles of uniform size through chemical and physical processes, the
impact of these on the environment cannot be overlooked. This is because of the excess haz-
ardous and toxic materials released into the environment [31,32]. They act as environmental
pollutants, especially land and water pollutants [33]. Apart from that, the requirement for
huge areas, high-cost equipment, and high power consumption add to the high capital
investments [34]. Some other issues during scale-up are changes in conditions required for
synthesis, improper mixing of the reactants or raw materials during production, sequential
operations being very complex, high percentage of waste produced, safety considerations,
and poor reproduction of the results, particular working conditions of the equipment and
very long residence time [30,35].

Moreover, there is a good chance of agglomeration of synthesized products due
to uncontrolled growth (due to size distribution discrepancies) [36], a huge chance of
contamination [17], the non-uniform structure of the surface [32], and improper size distri-
butions [37]. These disadvantages hinder the whole chemistry or chemical process initially
aimed at green synthesis and precision biomedicine [30]. Another limitation of the syn-
thesis process is that the path from research to applications is prolonged, especially in
medicine [38,39]. This has caused an urgent need to develop efficient and easy-to-change
techniques for synthesizing high-quality nanomaterials [40].
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3. Conventional Methods Used in the Synthesis of Nanomaterials
3.1. The Top-Down Method

The top-down method divides most of the material into nanoscale structures or parti-
cles. The methods used to create micron-sized particles have been extended to create the
top-down synthesis. Top-down methods are fundamentally simpler, relying on eliminating,
dividing bulk material, or miniaturizing bulk manufacturing procedures to create the
required structure with the right attributes.

3.1.1. Mechanical Milling (Ball Milling)

Mechanical milling is a potent technique for crafting nanoscale materials from bulkier
counterparts. It serves as an efficient avenue for producing nanocomposites or blends
of different phases, facilitating the creation of various materials like wear-resistant spray
coatings, Al/Ni/Mg/Cu-based nanoalloys, and aluminum alloys fortified with oxide
and carbide [42]. This process utilizes a high-energy mill (Figure 3), introducing a specific
powder charge and milling medium [43,44]. The kinetic energy derived from the movement
of the balls within the mill is imparted to the powder charge, disrupting chemical bonds,
linking constituent molecules, and diminishing particle size. Several processes, such as
the exchange of energy and mass and the generation of mechanical stress as an outcome
of milling, lead to the shattering of the materials’ matrix structure [43]. The ball milling
process influences crystal deformation, a greater defect density, and increased material
temperatures. The particular type of mill, the powder used that drives the milling chamber,
the milling speed, the dimension and distribution of the balls, whether the mill is dry or
wet, the temperature during the milling process, and the length of the milling process
are all factors that affect how much energy is transferred [45]. The balls’ kinetic energy
is a function of their velocity and mass; steel or tungsten carbide balls are preferred over
ceramic balls and are optimized according to size and size distribution [46].
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As studied by Mei and Lu [47], the balls’ kinetic energy, the properties of the milling
media, and the powder affect the temperature throughout the milling process. The powder
temperature influences its diffusivity and defect concentration, which affects the phase
changes brought on by milling. Due to safety concerns or potentially harmful chemical
effects on human health, physical procedures are recommended over enzymatic or chemical
methods for producing SNP. Additionally, chemical processes take more time and include
additional purification stages; in contrast, physical approaches are considered secure and
environmentally beneficial [38].

3.1.2. Electrospinning

One of the most straightforward top-down approaches to developing nanostructured
materials is electrospinning. It is a primary approach for creating continuous nanofibrous
materials from an array of materials, which has benefits, including easy device manufactur-
ing, material compatibility, and adjustable fiber shape [42,48]. High surface area-to-volume
ratios, tunable surface shape, and accurate alignment are all characteristics of electrospun
fibers. Coaxial electrospinning was a significant advancement in the field of electrospinning.
This top-down method is efficient and practical to produce core-shell ultra-thin fibers on
an industrial scale. These very thin nanomaterials have lengths that may be expanded
to many centimeters. Inorganic, organic, and hybrid materials, as well as core-shell and
hollow polymers, have all been developed using this technique [48].

In nanotechnology, electrospinning techniques come in a variety of forms. Here are a
few methods that are often used:

Conventional electrospinning involves using a grounded collector, a syringe or spin-
neret filled with a polymer solution, and a high-voltage power source. A thin stream of
polymer fluid is ejected from the spinneret into the collector until it solidifies into a fiber,
overcoming viscosity forces with the application of high voltage. Coaxial electrospinning,
on the other hand, simultaneously electrospins at least two solutions through concentrically
organized spinnerets. Typically, a core fluid (such as a medication solution) and a shell
fluid (like a polymer solution) are used. This technique allows for incorporating multiple
components or the controlled release of functional elements within the fiber’s core. Fe3O4
NPs were produced with various saturation magnetization (Ms) values. The surface of
Fe3O4 nanoparticles can be changed to increase specific qualities. The research team of
Song synthesized Fe3O4-polyhedral oligomeric silsesquioxane (POSS) particles using hy-
drosilylation, preserving a Ms value of 18.77 emu g1. The POSS improved surface potential
stability and charge retention in the materials [49].

Owing to the magnetic anisotropy that exists in materials, the geometry of magnetic
substances significantly impacts their characteristics. Therefore, it is crucial to investigate
how the aligned fiber is made and how the distribution of its domains changes. The
hydrothermal process and electrospinning method were used to create nanoparticles and
nanofibers, respectively [50]. Cheng synthesized nanofibers in different drums of varying
width and diameter and found out that the average diameter of nanofibers was 94.6 mm to
99.8 mm. The drum, which had a width of 4 cm and a diameter of 7 cm, did not produce
aligned nanofibers. In contrast, the drum with a width of 2 cm and a diameter of 7 cm had
significantly more orientation as the reduction in the width of the collecting tube made the
electric field distribution more centralized [50]. Figure 4 shows a schematic representation
of the electrospinning apparatus used to generate nanoparticles.

This structure makes the development of core-shell nano architectures with diverse
properties and functionalities possible when subjected to an electric field. Coaxial electro-
spinning has become increasingly popular as a top-down process that is both efficient and
uncomplicated by design to produce core-shell ultrathin fibers on a wide scale. In addition
to having consistent dimensions, the fibers produced by this technology can also reach
lengths that extend to several centimeters, making them suitable for a wide range of uses
in the industrial sector. The fabrication of a wide variety of materials, such as core-shell
and hollow polymer fibers, as well as inorganic, organic, and hybrid nanomaterials, has
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been accomplished with great success through this technological approach [51]. By having
the capacity to change the composition of both the core and shell materials, it is possible
to construct fibers with features that may be tuned to specific needs. These properties
may include higher thermal stability, increased mechanical strength, or controlled release
in drug delivery systems. Consequently, coaxial electrospinning has developed into a
versatile technique with applications in various sectors, such as materials science, biology,
and nanotechnology [52].
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3.1.3. Lithography

Lithography is a technique used to create images by immersing a substrate, typically
stamped with an image, into ink. Various parts of this stamp have hydrophobic and
hydrophilic properties; the former soaks up ink while the latter pushes it away. Patterns that
resemble those on the substrate itself are frequently reproduced by this method. Surfaces
are patterned using various lithographic techniques, such as photolithography, ultraviolet
(UV), electronic beam, scanning probe, soft, and nano-lithography [42,53]. Techniques like
scanning tunneling microscopy (STM) and atomic force microscopy (AFM) use a sharp
probe to directly alter or eliminate materials from a substrate’s surface. This allows for the
exact fabrication of structures at the nanoscale with control down to the individual atom or
molecule. Electron beam lithography (EBL) utilizes a concentrated electron beam to shape
the substrate, offering superior resolution compared to optical lithography, although it
tends to be slower. A resist-coated substrate is scanned by the electron beam to produce the
desired pattern, achieving high resolution down to 10 nm but with slower processing times.
Nanolithography (NL) deforms a resist mechanically to create a pattern: a resist-coated
substrate is pressed into templates, causing the resist to copy the design onto the substrate.
NL allows for high-resolution and large-area patterning.

The techniques of photolithography [54], nanoimprint lithography [55], and soft
lithography [56] are all included in the masked lithography process. For example, scanning
probes, focused ion beams, and electron beam lithographies are examples of maskless
lithography. Writing arbitrary nanopatterns is carried out without a mask with mask-
less lithography. Ion implantation with a focused ion beam in conjunction with wet
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chemical etching is a method that can be utilized to form three-dimensional freeform
micro-nano-fabrication.

3.1.4. Laser Ablation

The laser ablation method creates nanoparticles by subjecting the target material to a
powerful laser beam. This intense laser irradiation causes the original material or precursor
to vaporize, forming noble metal nanoparticles. This method is environmentally friendly
because it requires no stabilizing agents or additional chemicals. Moreover, laser ablation
offers numerous advantages, such as precise control, high resolution, and versatility in
processing nanomaterials. These qualities make it a sustainable option for generating
noble metal nanoparticles with minimal environmental impact. This method can syn-
thesize various materials like ceramics, metal nanoparticles, carbon nanoparticles, and
so on [1,42,57].

Laser ablation offers a versatile approach for various applications: (a) Synthesis of
Nanoparticles involves ablating a substance in a gaseous or liquid environment to create
nanoparticles, ejected due to the laser beam’s interaction, with adjustable size, composition,
and shape through laser and material parameter manipulation. (b) Surface Modification
and Functionalization utilize laser ablation to alter surface properties like wettability,
chemical composition, and roughness, enabling surface texturing, biofunctionalization,
and tailored micro- or nanostructures. (c) Nanoscale Fabrication employs laser ablation for
precise material removal or deposition, facilitating the development of nanoscale structures,
tools, and sensors essential in manufacturing microelectronics, integrated circuits, and
microfluidic devices.

A hybrid composition of silver nanoparticles (AgNPs) and copper oxide nanoparticles
(CuONPs) was utilized in the research carried out by Ahmed et al. to synthesize graphene
oxide (GO) nanosheets that were favorable to the environment [38]. The utilization of the
Pulsed Laser Ablation methodology accomplished this. Through green laser ablation, the
procedure involved the distribution of copper and silver oxide nanoparticles onto graphene
oxide nanosheets. A pulse duration of 7 nm, a repetition rate of 10 hertz, and a power of
3.6 watts were all characteristics utilized by the Nd:YAG nanosecond laser source. Initially,
a silver disc weighing 10 g and having a purity level of 99.99% was placed in a beaker
that contained 50 mL of deionized water and 0.5 g of graphite oxide (GO). To produce
AgNPs@GO, perfect silver nanoparticles (AgNPs) were present in the GO suspension.
This was accomplished by delivering a nanosecond laser beam in a direction that was
perpendicular to the silver target. Similarly, pure copper oxide nanoparticles, known as
CuONPs, were produced in the GO suspension, forming CuONPs@GO. These suspensions
of AgNPs@GO and CuONPs@GO were then centrifuged and dried at a temperature of
60 ◦C for 4 hours. In transmission electron micrographs, graphene oxide was found to be
generated in nanolayers that were broader than 350 nm. On the other hand, AgNPs and
CuONPs were seen to be spherical shapes, with diameters ranging from 3.5 to 27.3 nm
and 5.3 to 13.6 nm, respectively. An illustration of the standard procedure utilized for
the production of nanoparticles employing the laser ablation method can be found in
Figure 5 [58,59].

The laser pulses interact with the material that is submerged in a liquid, which results
in the vaporization of the substance and the subsequent production of nanoparticles in the
liquid medium using this technique. The ability to regulate and tailor the attributes of the
nanoparticles, such as their average size and size distribution, is one of the most significant
advantages of the PLAL technique. This is accomplished by altering the optical parameters
of the laser. Various factors can strongly impact the outcome, including the laser fluence
(energy per unit area), the wavelength, and the presence of salts or other modifiers in the
liquid during the process [60]. Research has demonstrated that the sizes of manufactured
nanoparticles, such as palladium (Pd) nanoparticles, are especially sensitive to changes in
the considered factors. By way of illustration, for instance, raising the fluence or altering
the wavelength of the laser can result in nanoparticles that are either smaller or larger,
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respectively [61]. Since it allows for such a great degree of control over the properties of
nanoparticles, laser ablation is a very versatile and valuable technology in nanomaterial
synthesis, which may be applied in a wide variety of scientific and industrial fields.
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3.1.5. Sputtering Method

The sputtering process involves hitting solidified surfaces with high-energy particles,
like gas or plasma, to create nanomaterials. Sputtering is a well-respected technique for
creating nanomaterial thin films. Sputtering deposition involves the physical ejection
of tiny atom clusters, depending on the incident gaseous-ion energy, from the target
surface due to intense gaseous ions bombarding the surface [62,63]. Various methods for
conducting sputtering include magnetron, radio-frequency diode, and DC diode sputtering.
The sputtering method is typically done in a chamber evacuated before introducing the
sputtering gas. Collecting gas ions requires applying a high voltage to the cathode target,
which causes free electrons to collide with the gas. The positively charged ions repeatedly
strike the cathode target as they speed towards it in the electric field, causing atoms to be
ejected off the surface of the target [64]. SiO2 and carbon paper substrates can be coated
with WSe2-layered nanofilms using magnetron sputtering [65]. An intriguing aspect of the
sputtering approach is that, in contrast to electron-beam lithography, it is both cost-effective
and produces nanomaterials with a composition identical to the target material but with
fewer imperfections [66].



J. Compos. Sci. 2024, 8, 386 11 of 33

3.1.6. The Arc Discharge Method

Many nanostructured materials can be produced using the arc discharge technique.
Its primary contribution to the material science community has been the creation of carbon-
based compounds and materials, including fullerenes, CNHs, CNTs, FLG, and amorphous
circular carbon nanoparticles [67]. The arc discharge technique is quite important for creat-
ing fullerene nanomaterials. The formation process involves manipulating two graphite
rods within a cylinder that maintains a specific helium pressure. Oxygen or moisture
prevents fullerene production; hence, filling the chamber with pure helium is crucial. The
arc discharge between the graphite rod ends is the driving force behind the vaporization of
carbon rods [68]. The arc discharge method involves collecting carbon-based nanomaterials
from various sites due to their varying development methods. Different materials, such as
MWCNTs, pyrolytic graphite, nano-graphite, high-purity polyhedral graphite, and other
similar particles in deposits are made at the cathode, anode, or even both [69,70]. It is
possible to extract carbon-based nanomaterials from the inner chamber in addition to the
electrodes. Various atmospheric conditions can lead to the formation of single-wall carbon
nanohorns (SWCNHs) with varying morphologies. One example is the production of “bud-
like” SWCNHs in CO and CO2 environments, as opposed to “dahlia-like” SWCNHs in an
ambient atmosphere [71]. Graphene nanostructures may be efficiently created using the arc
discharge process. The properties of graphene can be influenced by the conditions present
during its synthesis. Graphene sheets produced by hydrogen arc discharge exfoliation
outperform their argon arc discharge counterparts in electrical conductivity and thermal
stability [72].

3.2. The Bottom-Up Method

The alternate strategy is called “bottom-up,” which can produce less waste and is thus
more cost-effective. It is a buildup method where a nanoparticle is obtained by conjugating
one or more nanoparticles. The majority of these techniques are still under development.
The most common bottom-up methods include sol-gel synthesis, hydrothermal synthesis,
and micro fluidic approach. Due to numerous advantages, including fewer flaws, increased
homogeneous chemical composition, and comparatively better ordering, the bottom-up
technique is often used to produce nanoparticles.

3.2.1. Chemical Vapor Deposition (CVD)

Surfaces can be coated with solid byproducts of chemical vapor deposition, which
involves transforming volatile precursors into solids through a chemical reaction [73]. De-
position of powders or films necessitates either gas-phase homogeneous chemical processes
or surface- or near-surface heterogeneous chemical reactions (Figure 6) [40,74]. Energy
must be supplied to the system for it to react during most CVD processes, which are thermo-
dynamically endothermic [74,75]. Thanks to methods like atomic layer deposition (ALD),
vapor-liquid, and solid growth, which can regulate the growth process at the nanoscale,
CVD strategies have played a significant role in advancing cutting-edge technology. The
development of nanotechnology has only reinforced their importance [76]. CVD synthesis
involves several key steps: (a) Precursor Selection, where appropriate precursor molecules
are chosen based on the desired nanoparticle composition; (b) Reactor Setup, involving the
assembly of a substrate holder, reaction chamber, and precursor delivery system; (c) Intro-
duction of Heating and Precursor, where the substrate is heated to a specified temperature
and the precursor is introduced into the reactor; (d) Nucleation and Growth, where chemical
processes occur as precursor molecules deposit onto the substrate, leading to the formation
and growth of nanoparticles; (e) Control and Optimization, where variables such as tem-
perature, precursor concentration, and gas flow rates are carefully controlled to regulate
nanoparticle size, content, and shape; (f) In-Situ Characterization, where techniques like
spectroscopy and microscopy are employed to understand nanoparticle production and
growth mechanisms during the process; and (g) Post-Treatment, which involves proce-
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dures like annealing, etching, or surface functionalization to improve nanoparticle quality
after production.
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3.2.2. Sol-Gel Method

Among the plethora of synthetic methodologies employed for producing high-quality
Metal Oxides Nanoparticles (MONPs) and mixed oxide composites, the sol-gel approach
stands out as a widely recognized technique. This method allows for precise control over
the texture and surface properties of the materials [77] (Figure 7). Variations in experi-
mental conditions and processing parameters during the sol-gel synthesis can significantly
influence the resulting material’s characteristics. Thus, meticulous attention to processing
variables is imperative throughout the nanoparticle synthesis to tailor the nanoparticles
to specific applications [78,79]. Notably, the sol-gel method offers distinct advantages,
including cost-effectiveness, homogeneity of the resultant material, lower processing tem-
peratures, and facile production of composites and intricate nanostructures.
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The sol-gel process is a flexible and popular approach for creating nanoparticles and
nanostructured compounds. A suspension of colloidal matter (sol) is created, followed
by gelation to create a solid substance. The sol-gel technique has benefits, including
customizable composition, control over nanoparticle size and shape, and the capacity to
add different dopants or functional elements. Various nanoparticles, including metal oxides,
mixed oxides, semiconductor nanoparticles, and hybrid organic-inorganic nanoparticles,
may be created using the sol-gel process. It is excellent for numerous applications in
catalysis, energy storage, sensors, optics, and biomedicine because it enables fine control
over particle size, content, and shape. Using isopropanol as a precursor, Ristic et al.
synthesized nanocrystalline ZnO powder using the following: zinc 2-ethylhexanoate, 1%
ethylene glycol monomethyl ether, and tetramethylammonium((CH3)4NOH) aqueous
solution [80]. According to the TEM results, the size of the NPs produced in this study
varied between 20 and 50 nm. A template-assisted sol-gel method was used to create ZnO
nanofibers. In a simple two-step anodization process in an oxalic acid solution, Yue et al.
synthesized ZnO nanotubes with porous AAO membranes [81]. Zinc oxide nanotubes
were around 70 nm in diameter and 12 nm in thickness [82].

3.2.3. Reverse Micelles Method

In this methodology, reverse micelles are formed through the interplay of at least
three components, two of which are immiscible substances, while the third is a surfactant
possessing amphiphilic properties [83]. This technique proves advantageous for the fabri-
cation of nanoparticles with precise dimensions and morphology. Within this approach,
reactions occur within a specialized “nanoreactor” formed by the self-assembly of sur-
factant molecules in the aqueous phase. The size of the resulting reverse micelles, finely
tuned by the characteristics of the surfactant’s polar head group and alkyl tail, ensures
the preservation of both the size and shape of the produced nanoparticles [84]. Moreover,
the core within the reverse micelles facilitates the controlled nucleation and growth of
TiO2 nanoparticles, providing an environment conducive to sustained development [85].
The proportions of water-to-surfactant and the solvent composition are pivotal synthesis
parameters influencing the size of the reverse-micelle core. Nonetheless, adjustments to
the polarity of the hydrocarbon chain and the quantity of polyoxyethylene groups offer
avenues for tailoring the size and morphology of the nanoparticles [86]. Of the many
available methods, the reverse micelles method, as proposed by Chandra et al., enables the
production of large surface area Mo-doped TiO2, SiO2, and ZrO2 NPs with concurrently
evenly dispersed Mo [86]. A surfactant consisting of hydrophobic and hydrophilic regions
is selected, and a compatible organic solvent (e.g., hexane and cyclohexane) that does not
affect the synthesis of nanoparticles is selected. The surfactant is dissolved in the solvent
under appropriate physical conditions, resulting in the self-assembly of the surfactant to
form reverse micelles. A water core and a surfactant monolayer surround the water in each
reverse micelle, with the hydrophilic heads pointing inward towards the water core. As
more molecular precursors become available, the nanoparticles keep expanding inside the
reverse micelles’ water cores. By altering variables such as the precursor concentration,
reverse micelle size, and reaction circumstances, it is possible to regulate the nanoparticles’
size and structure. The nanoparticles are extracted by breaking the micelles, adding a non-
solvent solution, or changing the physical conditions to destabilize the micellar structure.
The nanoparticles are stabilized by the addition of capping agents or by dispersing them in
a suitable medium (Figure 8).
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3.2.4. Combined Soft-Hard Templating Methods

Nanoporous materials are typically created using either a soft or hard template ap-
proach. The soft template method is one common and easy way to create nanostructured
materials. The soft template method has been deemed beneficial since it is easy to execute,
produces materials with various morphologies, and requires relatively mild experimental
conditions [87]. Block copolymers, flexible organic molecules, anionic, cationic, and non-
ionic surfactants are only a few of the soft templates used in the soft templating approach,
which produces nanoporous materials [88]. Hydrogen bonding, electrostatic forces, and
van der Waals forces are the most important ways the precursors and soft templates inter-
act [89]. 3D structured mesoporous structures can be synthesized using soft templates of
liquid crystalline micelles carefully structured in three dimensions.

A famous example is the production of ordered mesoporous silica solids employ-
ing alkyltrimethylammonium surfactant; these solids include lamellar (MCM-50), cubic
(MCM-48), and hexagonal (MCM-41) silica. The surfactant structure, environmental pa-
rameters, precursor to surfactant ratio, surfactant concentration, and the arrangement of
micelles in three dimensions are among the variables that might influence the mesoporous
material structures that result from these arrangements [90]. Adjusting the surfactant car-
bon chain length or adding auxiliary pore-expanding agents can adjust the pore diameters
of the nanoporous material. This soft template approach can be used to create a variety
of nanostructured materials, including mesoporous N-doped graphene, porous aluminas,
single-crystal nanorods, and mesoporous polymeric carbonaceous nanospheres [90,91]
Additionally, the hard template process is often referred to as nano-casting where, to create
nanostructures for specific uses, well-constructed solid materials are employed as templates
and precursor molecules are inserted into the pores of the solid templates. Also, to develop
mesoporous materials in the proper order, it is essential to choose the hard template. It
would be ideal if these rigid templates could keep their mesoporous structure while con-
verting precursors and remove them readily without damaging the created nanostructure.
Hard templates have been made from various materials, including but not limited to wood,
particles, carbon nanotubes, silica, carbon black, and colloidal crystals [92]. A synthetic
pathway consists of three primary steps to create nanostructures using template techniques.
The initial stage involves creating or choosing the most suitable initial template. The next
step in turning the template mesopores into an inorganic solid is to fill them with a specific
precursor. Mesoporous templates allow for the synthesis of a wide variety of novel nanos-
tructured materials, including wires, rods, 3D nanostructured materials, metal oxides, and
many more nanoparticles [93]. Table 1 shows the different types of conventional methods
used for nanomaterial synthesis.
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Table 1. Several conventional methods for the preparation of nanomaterials.

S. No Method Process Materials Technical Aspects Results References

1 Top-Down Ball Milling
A. A high-energy mill
B. Powder charge
C. Milling medium

The kinetic energy produced by the movement
of moving balls causes the chemical bonds
between the molecules to break, resulting in a
reduction in particle size.

A. Crystal deformation.
B. Greater defect density.
C. Increased material temperatures.

[1,42,94]

Electro-Spinning A wide range of materials.

1. High surface area-to-volume ratios,
tunable surface shape, and
accurate alignment.

2. Inorganic, organic, and hybrid materials,
as well as core-shell and hollow polymers,
have all been developed using Coaxial
Electrospinning.

A. Creates continuous nanofibrous
materials.

B. Nanomaterials have lengths that may
be expanded to many centimeters

[1,42,48]

Lithography A stamp containing both hydrophobic
and hydrophilic areas.

1. Initially, a film is deposited onto the
desired substrate to the pattern of the film.

2. After the pattern is created, the film is
etched so that the designed part of the film
remains, and the rest of the part is
removed.

A. It can be used to design a thin layer into
specified forms on a stiff substrate to
manufacture electrical devices.

B. The photoresist lateral shape will be
transferred into the underneath layer by
a subsequent treatment such as etching.

[1,42,53,95,96]

Laser Ablation A high intensity Laser.

1. Versatile Method.
2. Low Cost
3. Simple and Self- Standing.
4. Green Approach.

A. The system has proven its ability to
function reliably under a variety of
circumstances, including trials with
intercontinental remote control.

B. Can be used to manufacture noble
metal nanomaterials from original
materials.

C. Pulsed laser ablation was used to create
environmentally acceptable,
chemical-free hybrid compositions of
silver nanoparticles (AgNPs) and
copper oxide nanoparticles (CuONPs)
based graphene oxide (GO) nanosheets.

[1,38,42,57]

2 Bottom-Up Chemical Vapor
Deposition

Volatile matter to be turned into
solid products.

1. Turns volatile precursors into a solid
product that settles on surfaces.

2. Since most CVD processes are
thermodynamically endothermic, the
system must be provided with energy for
them to react.

A. Generation of carbon nanotubes.
B. Surface coatings.
C. Development of chemically active

radicals and ions that can take part in
heterogeneous processes.

[1,40,42,73–75]
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Table 1. Cont.

S. No Method Process Materials Technical Aspects Results References

Sol-Gel Method

A. Metal

Alkoxides

B. Titanium

IV Isopropoxide.

C. Zinc-

Acetate dehydrates oxalic acid and
ethanol.

D. Tin-

chloride pentahydrate and Ammonia
solution.

1. The precursors, such as metal alkoxides,
are hydrolyzed in water or alcohols.

2. Condensation of nearby molecules results
in the removal of water and alcohol, the
formation of metal oxide linkages, and the
growth of polymeric networks to colloidal
dimensions while they are in the liquid
state.

3. The structure and characteristics of the gel
continuously change as a result of the
aging process.

4. It is a very economically friendly method
used to synthesize nanoparticles.

Synthesis of TiO2, ZnO, SnO2, CaO
Nanoparticles.

[42,76,78,79,97,
98]

Reverse Micelles
Method

There are at least three components, two
of which are immiscible and the other a
surfactant with amphi-phallic qualities.

1. Synthesizes nanoparticles using a
minimum of 3 components.

2. A nanoreactor is created by
self-assembling molecules in the water
phase.

3. The size of the resulting reverse micelles
enables controlling the size and shape of
the NPs formed.

4. The water-to-surfactant proportion and the
composition of the solvent medium are the
fundamental synthesis factors that affect
the size of the reverse-micelle core.

5. By modifying the polarity of the
hydrocarbon chain and the amount of
polyoxyethylene groups, the size and form
of the NPs may be adjusted.

A. Nanoparticles with a particular size
and structure.

B. This approach also enables the
production of large surface area
Mo-doped TiO2, SiO2, and ZrO2 NPs.

[42,83–96,99]

Microfluidic Approach Typical substances include ceramics,
glass, silicon, metals, and polymers.

1. Distinctive structure allows smaller
reagent volume.

2. Precise control of mixing of fluids.
3. Efficient transport of mass.
4. Better heat transfer.
5. Eased automation.
6. Lesser reaction time.

Development, manufacture, and use of
disposable, portable, and economical
equipment.

[9,41,42,100]
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3.2.5. Microfluidics

This field studies and develops devices for processing or manipulating fluids in ex-
tremely minute volumes (10−9 to 10−18 L) through channels with dimensions ranging
from 10 to 100 µm [9]. The dimensions and exclusive geometries of microfluidic devices
enable lesser reagent volume use, ease of automation, successful mass transport, better
heat transfer, precise control of fluid mixing, and lesser reaction time. The benefits of
microfluidic approaches over generally known methods led to the design, fabrication, and
usage of portable, low-cost, and disposable devices [41,100]. Microfluidics emerged by
amalgamation of domains like biology, fluid mechanics, physics, chemistry, and electron-
ics [9,29]. Although microfluidics is a relatively newer concept, micro-channels have been
used earlier in some equipment like electrophoresis and flow reactors as capillaries and gas
chromatography [101]. As time passed, better and more sophisticated equipment requiring
liquid flow through microchannels was documented in literature and patents [12]. In the
1990s, the growth in microfluidics technologies was recognized and became an essential
tool with gigantic potential applications [15,16,102]. Various operations like separation
processes, reaction engineering, reactor design, compound detection, etc., employed small
or miniature microscale instruments [13,29]. Much research has also been done based on
different applications and characteristics of microfluidic devices. Some of their applica-
tions include lab-on-a-chip or organ-on-a-chip microreactors. Based on their use, there
are various fabrication methods for these devices [103,104]. Due to different reports in the
literature on different techniques and fabrication methods of microfluidic devices [105],
it has been well understood that the potential of microfluidic applications is gigantic in
academics and industries [104]. Moreover, several day-to-day applications of microflu-
idic devices have also been reported in the literature, such as HIV testing, covid testing,
hepatitis A, B, and C testing, in-home pregnancy testing, and herpes testing [106,107].
This paper aims to thoroughly describe microfluidic technologies and their applications in
nanomaterials production.

A number of the major drawbacks of conventional synthesis methods can be cir-
cumvented using microfluidic technology, thanks to the small capillary width and the
high surface-to-volume ratio that results. Synthesis and engineering of nanoparticles for
medication administration have been its primary drawbacks. Nanomaterials loaded with
drugs made utilizing microfluidic processes have the potential to outperform their con-
ventional bench counterparts in terms of blood circulation times, formulation yield, and
monodispersity [100]. Microfluidics is a modern approach to regulating fluids in micro-
scale channels, and this has found a huge number of applications in the isolation and
detection of cells [108], easing the analysis of biological cells and vesicles [46], and point-
of-care testing [109]. The advancing state of microfabrication technology encourages the
insertion of numerous structures into the device, making it possible for various processes
to be carried out continuously, sequentially, and automatically. Additionally, the improved
mixing provided by microfluidic devices results in the production of homogeneous and
compact nanoparticles. The average size of lipid nanoparticles produced by microfluidics is
20 nm; utilizing the same chemicals and traditional mixing techniques, this diameter rises
to 70 nm [110]. Microfluidic technologies enable simple control of nanoparticle parameters.
Microfluidic devices can create nanoparticles of various sizes, shapes, structures, rigidities,
and surface modifications with high reproducibility. The microfluidic approach can pro-
duce nanoparticles at up to 3.15 kg per day by paralleling microchannels, increasing the
flow rate, and establishing novel manufacturing paradigms [111,112]. Nanomaterials’ size,
shape, stiffness, surface charge, and surface component largely determine their colloidal
stability, circulatory half-life, systemic toxicity, cellular absorption, bio-distribution, and
targeting capabilities [113]. The different microfluidic approaches to control nanomaterials’
physical and chemical properties have been discussed below.



J. Compos. Sci. 2024, 8, 386 18 of 33

Size

Kimura et al. and Thiermann et al. investigated the molecular assembly process using
a microfluidic approach for nanomaterial development [114,115]. They found that the
size of aggregates is primarily influenced by nucleation time and growth time. Factors
such as flow rate, Reynolds number, and relative flow rates of oil and water phases
govern fluid mixing, affecting growth time. Additionally, precursor concentration impacts
nucleation time. Mijajlovic et al. studied the modification of 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC) vesicle size (60 to 170 nm) by regulating fluid flow ratio
and POPC concentration in a microfluidic device [116]. Microbubbles were utilized by
Gunduz et al. to create ethyl-cellulose nanoparticles with diameters varying from 10 to
800 nm using a microfluidic V-junction device [117]. Nanoparticles made of poly(lactic-co-
glycolic acid)-polyethylene glycol (PLGA-PEG), polystyrene, lipid vesicles, and iron oxide
shrank considerably when the Reynolds number was raised from 500 to 3500. According
to this research, microfluidic techniques make anticipating and screening for optimal
experimental settings easier [118].

Shape and Structure

He and Park stated that nanoparticle shape and structure are crucial in cellular ab-
sorption and drug loading. Polymeric nanoparticles can also have their pore size and
degree of compactness altered using microfluidic procedures [119]. The study found that
the tightness of the polymer nanoparticles made using hydrophobically enhanced chitosan
could be regulated by adjusting the TFR, FRR, and hydrophobic characteristics of the
chitosan chains [120]. Mesoporous silica nanoparticles with different aspect ratios were
synthesized in a microchannel with a spiral form. The structure of the mesoporous silica
products changed significantly when the circulation rate and reactant concentration were
adjusted. They ranged from spherical nanoparticles to nanofibers with a mean size of
40 nm [99]. Furthermore, nanoparticles’ interior structures can be controlled using microflu-
idics. A nano-in-nano vector was created by integrating the drug nanocrystal cores into a
polymer shell employing a microfluidic device [30]. These nanoreactors increased stability,
biodegradability, pH responsiveness, and extremely effective drug loading.

Rigidity

The rigidity of nanomaterials as drug carriers significantly impacts the blood circula-
tion, cellular absorption, tumor buildup, and tumor penetration of nanoparticles [121]. Mi-
crofluidic techniques have enabled the fabrication of nanoparticles with adjustable stiffness,
allowing for a detailed exploration of how rigidity influences drug delivery. By precisely
controlling fluid flow through microchannels, researchers have delved into the lipid layer
structure and studied the anticancer effects of nanomedicines with varying stiffness levels.
In a recent study, the efficacy of stiff nanocarriers in delivering drugs to tumors was in-
vestigated in vivo. The results demonstrated that stiff nanocarriers significantly enhanced
tumor accumulation and exhibited a therapeutic impact. A pH-sensitive nanocomplex was
also developed to address drug-resistant malignancies [113]. This nanocomplex comprised
a PLGA core and a pH-sensitive co-polymer shell, both synthesized within a microfluidic
device for precise control and enhanced efficacy. The doxorubicin-loaded nanoparticles
dramatically improved tumor treatment effectiveness by increasing cellular absorption and
lysosome escape [122].

Surface Modification

Targeted medication delivery can be made more efficient and effective via surface mod-
ification. Nucleic acid-based medicines are better entrapped when cationic lipids are modi-
fied. For instance, in a microfluidic system, Di Santo et al. treated nanosized graphene oxide
flakes by using the cationic lipid DOTAP (1,2-dioleoyl-3-tri-methylammonium-propane),
thus overcoming the problem of binding double-stranded DNA onto graphene oxide-based
nanomaterials [123]. Thanks to this fresh strategy, a risk-free and highly effective nanocar-
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rier for carrying genes was created. Modifying targeting ligands can boost cellular tumor
absorption and accumulation to improve tailored cancer treatment. Furthermore, it has
been demonstrated that the chemical makeup of the nanocarrier on the surface affects the
surface charge of the nanocarrier in physiological settings [100].

4. Microfluidics Methods of Preparation of Nanomaterials

The high surface-to-volume ratio and small capillary size are two of the main prob-
lems with conventional synthesis methods; however, these issues can be addressed with an
understanding of microfluidics. The characteristics of synthesized nanomaterials may be
precisely controlled in microfluidic processes thanks to these traits, which enable quick and
uniform mass transfer. By precisely adjusting the volumetric flow rate of the fluid and the
dimensions and geometry of the microfluidic platform, microfluidic synthesis can generate
monodisperse nanoparticles that are more uniform in size and shape than those produced
by bulk techniques, and they also have better agglomeration efficiency [124]. Microfluidic
devices are included in the sample preparation, reaction, separation, and detection scope,
which function using fluid flow within microscale channels and chambers of predetermined
dimensions [29]. The microfluidics approach permits uniform and fast mass transport and
provides enhanced control over the properties of the nanomaterials produced [41]. Regard-
ing synthesis methods, the pattern handling determines which reactor (or microreactor)
is used: single-phase flow or multi-phase flow. The following are descriptions of these
methods: when looking at different approaches to synthesis, the two most common kinds
of microreactors that manipulate flow patterns are those that use one phase (droplet-based
microfluidics) or many phases (continuous-flow microfluidics) [18,125].

4.1. Single-Phase Flow Systems

Single-phase approaches are primarily employed in the manufacture of nanoparticles
inside microfluidic devices. This flow model is the alternative of preference in many works
because of its ease, homogeneity, and adaptability in calculating process variables, like volu-
metric flow rate, amount of reagent, time required for reaction, and temperature. In general,
single-phase synthesis is accomplished under laminar flow with a Reynolds number of less
than 10, dominated by molecular interdiffusion due to the absence of turbulence [16,17].
Rare occurrences of convection events and significant occurrences of lateral diffusion are
observed when single-phase steady-flow for the microfluidic method is established. In a
single-phased (continuous-flow) system, fluids are combined by diffusion in laminar flow
streams using one or more solvents during the fabrication of nanoparticles. Diffusion is the
progressive mixing of materials caused by molecules moving by Brownian motion from a
location of higher concentration to one of lower concentration. Mathematically, diffusion is
explained by Fick’s law [126] as follows:

j = −D
dφ
dx

(1)

where, D is the diffusion coefficient (m2/s), j is the diffusive flux (mol/m2 s), φ is the
species concentration (mol/m3), and x is the position of the species (m).

In microfluidic channels, the physical features of fluid flow are described by the
Reynolds number (Re). The following formula can be used to determine the relationship
between inertial and viscous forces using the Re [127]:

Re =
inertiaforce
viscousforce

=
ρvD
µ

(2)

where dynamic viscosity (kg/m·s) and kinematic viscosity (m2/s) are represented by µ

and µ/ρ, channel length (m) represented by D, average flow velocity (m/s) by v, and
fluid density (kg/m3) by ρ. The Reynolds number is usually kept below 100 [128]. Hence,
continuous-flow microfluidics are generally preferred when controlling parameters, repro-
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ducing the results, and homogeneous product characteristics [8]. The environment in the
single-phase flow systems is best suited for synthesizing small nanoparticles with a small
range of size distribution of particles (especially used in pharmaceutical companies) [125].

Micromixers for single-phase microfluidic flow systems fall into active and passive
categories. In the active micromixer, the mixing process is driven by electric, pressure,
acoustic, magnetic, and thermal fields to achieve better mixing [129]. An acoustic-driven
micromixer was introduced with integrated sharp edges and bubbles in its channel to
improve the mixing speed and homogeneity of the produced polymeric nanoparticles [130].
On the other hand, the passive type of micromixer’s mixing mechanism is driven by the
channels’ architecture. Passive micromixers have been designed and developed over the
years with a wide range of novel architectures, such as multi- and parallel laminations,
obstacle-channel designs, curved channel topologies, serpentine patterns, herringbone
structures, unsymmetrical geometries, etc. A gear-shaped micromixer has been employed
to synthesize silica nanoparticles [131]. Further, two main types of micromixers have been
reported so far in the basics of continuous-flow microfluidic design: Y-shaped and T-shaped
(Figure 9). For single-phase flow nanoparticle synthesis, Y-shaped microfluidic systems are
further categorized into two-way or three-way channels based on the flow type [129].

Singh et al. reported successfully doped Mn in a ZnS semiconductor using 1-thioglycerol
solvent at room temperature and 80 ◦C in a T-shaped micromixer [132]. The zinc-blende
structure of Mn-doped ZnS nanoparticles was demonstrated by x-ray diffraction analysis
and transmission electron microscopy, which revealed an average particle size of about
3.0 nm. Chen et al. efficaciously synthesized mesoporous silica MCM-41 using ethanol,
CTAB, NH4OH, 3-aminopropyltrimethoxysilane (APTMS), and NH4NO3 as solvents and
additives. A T-shaped micromixer was used to get a particle size of 400 nm at 25 ◦C [133].
In another study, the T-shaped microreactor-assisted nanoparticle deposition (MAND)
process was used to synthesize the nanostructured ZnO as an anti-reflective coating on a
textured silicon. NaOH, isopropyl alcohol (IPA), Zn (COOCH3)2.2H2O, and CH3COONH4
were used as solvents and additives for the process [134]. Sodium hydroxide, ascorbic
acid, and copper chloride formed a precipitation process that could be easily controlled to
produce cubic cuprous oxide (Cu2O) nanoparticles in a T-shaped micro-mixer. The results
showed that the size distribution of Cu2O particles shrank, and their particle size reduced
as the concentration of ascorbic acid, feed flow rate, sodium hydroxide, and temperature
rose [135]. Chang et al. used magnetic stirring of Fe3O4 nanomaterial to mediate active
mixing in T-shaped micromixers, circumventing the ineffectiveness of passively transferring
two solutes (blue phenol dye and citric acid) [136]. A ferric oxide magnetic nanoparticles
and citric acid solution were prepared to create nano- or micro-rods that could spin in
lockstep with a magnetic field applied from outside. When the magnetic materials were
spun at a speed of 10.47 rad s1 and contained 0.05 weight percent, efficient mixing was
accomplished with a driving force of 6.6 mT.

A Y-shape micromixer synthesized silver nanoparticles using silver nitrate (AgNO3)
and sodium borohydride (NaBH4). A microreactor operating at 1 mL/min (0.001 M) for
AgNO3 and 3 mL/min (0.003 M) for NaBH4 demonstrates an optimal particle size of 4.8 nm.
According to residence time distribution (RTD) statistics, the Peax number peaked at 0.39 at
Re number 67 (flow rate of 7 mL/min), indicating less axial dispersion. Comparison analysis
between batch and microreactor processes, and additional SDS and CTAB effects were also
conducted. Since cationic CTAB has a positive charge on its head, it causes aggregation,
which causes the particle size to grow as the CTAB loading increases. SDS encourages
decreasing silver nanoparticle size [137]. Song et al. synthesized Cu nanoparticles using a
tubular microfluidic reactor through a controlled growth process using tetrahydrofuran,
lithium hydrotriethyl borate, 3-[N,Ndimethyldodecyl- ammonium]- propane- sulfonate,
acetone, and ethanol as solvents and additives [138]. In a Y-mixer, the preformed NP seed
solution and the washing reagent were continuously mixed to allow for the controlled
release of the surfactant surrounding the small NP seeds. Using this controlled-growth
approach in the micro-tubing, nearly monodispersed copper NPs with a critical size of 135.6
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± 11.4 nm could be produced [139]. In another study, a double-layer Y-shaped splitting
and recombination (SAR) micromixer was promoted to produce silver nanoparticles in a
controlled manner. The microchannel of the micromixer was shaped like a double-layer
Y, which caused the two-phase fluid to split and recombine, expanded the area of contact
between the fluids, enhanced the mixing effect of AgNO3 and C6H12O6, and expedited
the phases of silver atom precipitation and nucleation [139]. Lately, green synthesis of
AgNPs using a traditional medicinal plant Ipomea quamoclit L., was carried out using a
microfluidics-based Y-shaped serpentine micromixer. According to the Dynamic Light
Scattering study, the nanoparticle’s diameter was around 72 nm. The antibacterial activity
of the nanoparticles was evaluated in several fungi and bacteria, including Aspergillus niger,
Candida albicans, Enterobacter faecalis, Staphylococcus aureus, and Micrococcus luteus [140].
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Various obstacles in different shapes (triangle, ellipse, circle, and diamond) have been
incorporated within the T micromixers to improve the mixing efficiency and shorten the
mixing duration. Using numerical simulations, it was found that the diamond-shaped
obstacles performed better than others [143]. In addition to Y-type and T-type varieties
(Figure 9), other contemporary passive micromixers for nanoparticle production have
been reported by several authors, which have enhanced efficiency, reduced cost, sim-
pler manufacture, and faster mixing [141]. Niculescu et al. recently reported a novel
device that uses vortex mixing principles and 3D microfluidic platforms to create core-
shell nanoparticles, providing a more effective substitute for traditional microchips and
synthesis techniques [144]. The ability to rapidly produce homogenous salicylic acid-
functionalized iron oxide (Fe3O4-SA) nanoparticles has shown the versatility and efficiency
of the 3D vortex-type multilayered microreactor platform for micromixing. A novel passive
micromixer design, utilizing a wet etching process, was developed recently by utilizing
helical-shaped stainless steel AISI-304 inserts. The insert’s presence increased the degree
of mixing by passively creating high shear stress and diffusive advection. Achieving
nanoparticles with a mean size of 130 nm and a PDI as low as 0.05 may be possible, with
the insert facilitating an effective mixing of immiscible streams during residence periods
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less than 130 ms. Jahangir et al. developed a novel customized microfluidic chip (MF) with
omega-shaped microfluidic micromixers, which was fabricated on a silicon wafer (used as
a master) by the photolithography for the synthesis of ultrasmall silver nanoparticles [145].
In contrast to traditional benchtop-assisted NP synthesis, this work revealed the important
role of the microfluidic approach in the one-step, environmentally benign synthesis of ul-
trasmall and homogenous nanoparticles utilizing a solvent of choice. Guo et al. developed
a unique passive micromixer that efficiently mixes many solutions using an elementary
spatial Tesla valve design [146]. The Tesla valve micromixer offers many benefits when
combining biological and chemical interactions to generate chitosan nanoparticles. Hong
et al. developed a new passive micromixing technique that combines the instability created
by curved streamlines in a “gear-shaped” microchannel with the synergistic effects of
inertia-elastic flow instability in side-wells [131]. They used the unique mixing method
to continuously produce silica nanoparticles with a more uniform size distribution and
regular shape than those in a Newtonian fluid. Kimura et al. developed an invasive lipid
nanoparticle production system (iLiNP) that produced 80 nm-sized lipid nanoparticles
(LNPs) with encapsulated small interfering RNA (siRNA) [114]. These LNPs functioned
as nano-drug delivery system carriers in an in vivo experiment with favorable outcomes.
The synthesis of Ni nanoparticles with an average size of around 80 nm was reported by
Zeng et al. using a caterpillar-type micromixer. Ethanol, NaOH, N-cetyl N,N,N,trimethyl
ammonium bromide (CTAB), and PVP have all been employed as additives and solvents.
When hydrogenating p-nitrophenol to p-aminophenol, the produced nickel nanoparticles
outperform the commercially available Raney Ni catalyst in terms of catalytic activity [147].
In the fabrication of silica nanoparticles, a simple micromixer with short mixing-length
baffles can provide efficient mixing over a broad range of flow rates. A moderate flow
rate of 0.1 mL/h would result in a 250 ± 50 nm average particle diameter. The advan-
tages of this micromixer are its short obstacle channel, ease of design, and low number of
mixing units [148].

4.2. Multi-Phase Flow (Droplet-Based) Systems

Unlike single-phase microfluidics, the multi-phase flow (or segmented flow) is used
when more than one immiscible liquid is involved [16]. Passive mixing is facilitated in such
systems (heterogeneous) by improving the rate of mass transfer, decreasing the residence
time, and mitigating the reagent or product deposition inside the channels and walls [8]. In
general, there are two basic categories into which microfluidic methods to create droplets
or bubbles can be divided: the surface method and channel-based microfluidics [99] The
channel-based approach involves the interaction of dispersed and continuous phases to
produce single droplets or bubbles. On the other hand, the breakage happens in the planner
surface technique, also known as digital microfluidics, from an actuation mechanism by
electrowetting or dielectrophoretic approaches. Within the category of channel-based
microfluidics, some common geometries for creating droplets or bubbles in microfluidic
systems are T-junction, flow focusing, co-flowing, membrane, and step emulsification
(Figure 10) [149].

Within microfluidic systems, T-junctions are a typical subclass of cross-flowing junc-
tions widely used for generating immiscible fluid segments [150]. Flow-focusing geometry
is used for the production of dispersed phase droplets, and it is subcategorized into drip-
ping flow for the lower flow rate of fluid and jet flow for the high dispersed phase flow rate
of fluid [151]. Furthermore, co-flowing geometry has been primarily developed to generate
monodispersed droplets/bubbles. The droplet generation in the co-flowing geometry in the
dripping and jetting regime is similar to flow-focusing geometry and commonly described
by Rayleigh–Plateau instability theory [152]. Generally, polymer/metal/ceramic-made
membranes are produced to flow many droplets uniformly [153]. Step emulsification is
advantageous as it produces a high monodispersity because of the impact of flow rate
or variations in pressure. Nisisako and Torii developed parallel droplet formation mi-
crochannels in addition to these popular types to produce monodispersed droplets in large
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quantities [154]. A straight-through geometry employing an array of uniform through-holes
is one example of these structures [155].
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As the name shows, droplet-based microfluidics relates to developing and managing
distinct globules within microchannels [156]. Globule creation is synchronized throughout
device dimensions, channel geometry, and volumetric or mass flow rate of every liquid,
permitting accurate checking and control of the fabrication process [157]. That being
said, several multi-phase flow scheme limitations must be considered while scheming this
applicability. One of the downsides is the reduced constancy of the globules. This may be
improved by adding surfactants; however, this treatment is inappropriate for all conditions.
One more concern is that droplets are not entirely inaccessible, as a degree of material swap
between globules and droplets occurs [157]. Nevertheless, whether these downsides affect
the preferred product depends on the device’s application. Table 2 shows the different
types of microfluidic devices used for inorganic and organic nanomaterial synthesis [41].
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Table 2. Summary of inorganic and organic nanomaterials synthesized using microfluidic devices [Adapted from [41]].

Fabrication of
Nanomaterials Type of Micro-Size Reactor Utilization of Chemicals Fabrication Conditions Morphology References

Inorganic nanoparticles

AuNPs Polydimethylsiloxane microreactor NaBH4 for reduction, Na3C6H5O7
for capping and HAuCl4

Operating time of 5 min at ambient
temperature ~2 nm of particle size [158]

AuNPs Polydimethylsiloxane
microchannel

Utilization of HAuCl4 and NaBH4
for gold seeds, AgNO3, ascorbic
acid

Proper stirring followed by a
controlled flow rate

Desired morphology of
Au-nano-bipyramids [159]

AgNPs Flash fabrication in the spinning
disc process

AgNO3, ascorbic acid, starch, and
polymers (polyethylene glycol
(PEG) and poly(4-vinyl pyridine))

Vigorous stirring forms a thin film
of fluid at ambient temperature on
a rotating disc

Particle size is controlled by disc
speed [160]

AgNPs
Polydimethylsiloxane device with
small volume (micro to femto liter)
of reaction mixture

AGNO3, Na3C6H5O7, tannic acid,
mineral oil, PDMS

Vigorous mixing, fast reaction,
colloid formation at ambient
temperature

Controlled particle size uniformity
and polydispersity in droplet
PDMS chip

[161]

AgNPs Polydimethylsiloxane microchip
with droplet seed formation

AgNO3 and NaBH4 used to
fabricate Ag-seeds, Na3C6H5O7,
molten paraffin

Microdroplets in microreactor at 60
◦C for seed formation

Particle size is controlled by
adjusting temperature, time, and
Ag+ ion concentration

[162]

ZnO NPs
Used flow-through equipment and
microreactor under hydrothermal
fabrication

ZnSO4 (0.001 mol/kg) and KOH
(0.004 mol/kg) solutions

Hydrothermal fabrication at 400 ◦C
in a furnace followed by crystal
separation and drying at 60 ◦C

Achieved particle diameter of 9 nm [163]

ZnO
nanostructures

Microfluidic chip with
multifunctional properties

Zn(CH3COO)2·2H2O,
HN(CH2CH2OH)2, ZnNO3·6H2O,
C6H12N4, 28% v/v, NH3 solution

Dip-coating and annealing to
fabricate ZnO seed followed by
mixing with other reagents and
vigorous mixing at 60 ◦C for 20 min

Growth of microstructure ZnO of
different morphology at channel
wall of capillary tubes

[164]

TiO2 NPs Microchannel reactor made up of
ceramic material and glass cover

Two solution, titanium(IV)
isopropoxide (TTIP) in 1-Hexanol
and formamide (CH3NO) in H2O

Reacted at the interface of two
insoluble currents (TTIP and
CH3NO) in microchannel

Controlled particles of 10 nm of
anatase morphology formed [165]

SiO2 nanofibers
Microfluidic process in
polydimethylsiloxane reactor
(spiral-shaped)

Cetyltrimethylammonium Br
(CTAB), NH3 solution, tetraethyl
orthosilicate (TEOS), ethyl alcohol

CTAB in NH3 solution and TEOS
solution mixed from two in-lets
and react to form SiO2 nanofiber at
ambient temperature

Fabricated mesoporous SiO2
nanofiber; Morphology control by
controlling the flow rates of two
solutions or reagent concentration

[166]

Spongy, porous, and
spherical SiO2 NPs

Spiral PDMS microreactor
laminar flow

CTAB, NH3 solution, TEOS,
1,3,5-trimethylbenzene (TMC)

Vigorous mixing of two solutions
(CTAB in NH3 solution and TMC
in TEOS) to react and form NPs

Fabricated spherical and porous
SiO2 NPs with an average diameter
of 1200 nm

[167]
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Table 2. Cont.

Fabrication of
Nanomaterials Type of Micro-Size Reactor Utilization of Chemicals Fabrication Conditions Morphology References

Cobalt NPs Microfluidic reactor

CoCl2, tetrahydrofuran (THF),
LiBH(C2H5)3, stabilizer
3-dimethylammonio
-1-propanesulfonate

Fabricated in the microfluidic
reactor with fine tuning of
quenching time and flow rates of
reactants (0.08 to 0.9 mL/min)

Obtained crystals of CoNPs [168]

Fe2O3 NPs Spiral-shaped Cu wire
microreactor with continuous flow Fe(NO3)3·9H2O, NaOH, CTAB

The flow of NaOH and
Fe(NO3)3·9H2O through a syringe
in a spiral microreactor to
co-precipitate and reduce at
ambient temperature

Obtained 6 nm of particle size at 1
mL/min flow rate of reactants [169]

CdSe quantum
dots (QDs)

Polytetrafluoroethylene
microreactor

CdO, Se, diphenyl ether,
trioctylphosphine-oleic acid
(TOP-OA), CHCl3

Solution mixture of CdO, OA, and
diphenyl ether heated at 180 ◦C
and Se TOP prepared by
ultrasonication; both solutions
reacted to form CdSe QDs

Obtained photoluminescence
CdSe QDs [170]

Sulfur NPs Y- and T-type microfluidic reactors
Dry sulfur (sublimed), CTAB,
solvent and anti-solvent as CS2,
and ethanol

Solvent (sulfur and CS2) and
anti-solvent (CTAB in ethanol)
mixed to precipitate and obtain
suspension; Spray dry to
synthesize sulfur NPs

Obtained 15–50 nm particle size [171]

Organic nanoparticles

Liposomes

Microreactor made up of
thermoplastic with microfluidic
vertical flow and hydrodynamic
focusing (VFF and MHF system)

Lipid of 80 mmol/L, solvents Size controlled by flow rate ration,
i.e., aqueous/ lipid-solvent flow

Obtained 80–200 nm of size of
monodispersed vesicles [172]

Liposomes Reactor with V-shaped off-the-shelf
Teflon tubing

Ethanol and different types of
lipids (1,2-distearoyl-synglycero-
3-phosphocholine, N-
carbonylmethoxypolyethyleneglycol
2000)-1,2-distearoylsn-
glycerol-3-phosphoethanolamine,
Cholesterol)

The reaction of aqueous and
ethanol solution of lipids with
controlling flow rates at 25 ◦C

Obtained 50–70 nm of diameter
particle size [173]
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Table 2. Cont.

Fabrication of
Nanomaterials Type of Micro-Size Reactor Utilization of Chemicals Fabrication Conditions Morphology References

Liposomes Used ultrasonication with
microfluidic devices

Phosphatidylcholine from egg
and cholesterol

Microfluidic devices placed in a
sonicator with controlled flow rates
for microdispersion

Obtained 66.27 to 189.9 nm of
particle size depending upon the
flow rates

[174]

Polylactic-co-glycolic acid
(PLGA) NPs

Computational fluid
dynamic-based micromixing in the
microfluidic system made up of
Teflon material (plus-shaped chip)

Dimethylsulfoxide (DMSO) to
dissolve PLGA and aqueous
polyvinyl alcohol (PVA) solution

The reaction of PLGA dissolved in
DMSO with aqueous PVA for
nanoprecipitation in the
microdevice

Obtained uniform and harmonious
spherical particle size (238 nm) [175]

Polyethylene glycol
(PEG)-PLGA NPs

Microreactor of polyimide film
with three-dimensional flow

CH3CN dissolved polymers (PEG
and PLGA) and H2O

The flash flow of 11 milli second in
a unit microchannel of
reaction mixture

Obtained 50–85 nm of particle size [176]

Polycaprolactone
(PCL) NPs

Microfluidic chip made up of glass;
different channel dimensions and
confluence angles (CA)

PCL dissolved in THF (organic
phase); H2O, PVA, and surfactants
(tween-80) (aqueous phase)
Aqueous phase: PVA, Tween 80,
Milli-Q Water, Organic phase: PCL,
THF

Flow rate, ratio, channel width,
and its length, and CA of inlet
channel affected particle size,
distribution, and polydispersity
index; Non-solvent precipitation

Obtained 40–370 nm of particle
size NPs [177]

Hyaluronic acid
(HA) NPs

T-shaped microchannel device
made up of glass

Ethanol, isopropyl alcohol, acetone
(organic phase); Na-HA, H2O,
EDCI, ADH (aqueous phase)

Synthesized HA NPs at a pH of 6.0
at the interface of organic and
aqueous phases inside the
microchannel

Obtained homogeneous 140–460
nm of particle-sized [178]
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5. Conclusions

Nanomaterials can adopt a wide range of different shapes and chemical compositions
through various chemical processes. Their adaptability makes it possible to tailor their
design, size, surface changes, solubility, deformability, charge, and other qualities to meet
the needs of various applications. Unfortunately, the reaction conditions that affect the
end product are not always completely and precisely controlled using traditional nano-
material synthesis methods. Microfluidic devices, an emerging technology that provides
a controlled environment for synthesizing high-quality nanoparticles, have solved this
challenge. Nanoparticles, drug-carrier systems, APIs, composite nanomaterials, and cells
can all be made using these instruments that precisely manipulate tiny quantities. Since it
guarantees consistency in the size of particles and content, this manufacturing technology
has many benefits, including improved performance in a wide range of applications. The
potential for further advancements and research in this field is substantial. The technol-
ogy of microfluidic devices holds the promise of continued refinement, leading to more
efficient and cost-effective methods of producing a wide range of nanomaterials. As our
understanding of nanotechnology continues to evolve, so will our ability to harness its
potential for various practical uses in our daily lives. The ongoing investigations into the
capabilities of microfluidic devices and their applications in nanomaterial synthesis will
undoubtedly yield even more exciting discoveries and innovations in the near future.
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