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Abstract Carbon stands out as an exceptionally versatile element, manifesting in
various forms such as diamond, graphite, carbon fiber, fullerene, carbon nanodots,
and so on. Leveraging its exceptional mechanical strength, thermal, optical, and
density properties, carbon-based materials find widespread applications in indus-
tries, spanning from health, electronics, and defense to nanotechnology. The fabri-
cation of diverse carbon materials can be achieved through a range of methods,
including wet spinning, top-down and bottom-up approaches like chemical vapor
deposition (CVD) and conventional sol-gel processes. In the last decades, the appli-
cation of microfluidics in synthesizing carbon materials has gained prominence,
owing to its superior heat and mass transfer capabilities, minimal chemical require-
ments, and the ability to create multiplexed and adaptable structures. This chapter
provides an in-depth exploration of both conventional and microfluidic fabrication
techniques for various carbon-based materials. Herein, an emphasis is placed on
elucidating the advantages and limitations faced by these methods, providing a
comprehensive overview of the evolving landscape in carbon material synthesis.
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1 Introduction

Nanomaterials are structures with at least one dimension, within a range of
1-100 nm, which are employed in applications such as diagnosis, therapeutics, sen-
sors, and drug delivery [1, 2]. As researchers realized that the properties of materials
change as their size decreases to nano sizes, they exhibit distinct chemical and phys-
ical properties depending on their different crystal structures, and therefore, their
production requires absolute and high control of both thermodynamic and kinetic
reactions. In general, nanomaterials are produced using the bottom-up methods, by
batch chemical synthesis, template synthesis, or catalytic growth methods, includ-
ing condensation, chemical precipitation, and hydrothermal synthesis [3, 4]. Despite
the use of such different methods, strict control has never been achieved in experi-
mental methods and has resulted in the production of irregular nanoparticles of
different sizes. Additionally, most of these methods are complex and require very
large devices with trained personnel to use them, and large production and storage
areas are needed for the operation [5, 6]. This situation increases the overall cost,
wastes resources, and creates safety concerns as well [7]. Another drawback is that
these devices are time-consuming and potential contaminations during the synthesis
process can occur [6] that may affect the final product homogeneity and size distri-
bution [8]. It is very thought-provoking that such techniques release toxic/danger-
ous substances that threaten environmental health [5, 8], and act as polluting sources
[9]. Choosing a suitable production method that provides proper and effective con-
trol over the reaction conditions mentioned above is essential to deliver high-quality
products. In this respect, a promising new technology has emerged: microfluid-
ics [10].

Examining the evolutionary trajectory of microfluidic systems reveals their roots
in the inception of widely employed analytical tools like capillary electrophoresis.
Subsequent years witnessed a confluence of technological advancements, refined
production techniques, and progress in material science, culminating in the fabrica-
tion of intricate channel structures adaptable for diverse applications. The incorpo-
ration of such channel structures into microfluidic systems marked the establishment
of an autonomous research domain [11]. Notably, the pioneering work of Manz in
the field stands out, particularly in the development of mass chemical analysis sys-
tems. These groundbreaking contributions represent the nascent instances of micro-
fluidic technologies, laying the foundation for subsequent advancements in the
field [12].

Microfluidic systems exhibit remarkable versatility, accommodating a broad vol-
ume spectrum ranging from microliters to picoliters. Their widespread adoption
across various industrial domains is attributed to their capacity for delivering height-
ened efficiency, secure operation, and precise control over reactions [13].
Manipulation of time-control parameters, such as flow rates and the sequence of
reagent addition, empowers the regulation of reactions across different phases. This
affords adaptive kinetic control and facilitates reactor design tailored to the nuances
of the specific reaction mechanism. Notably, the microfluidic system’s channels
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enable the flow of liquids in the laminar regime, where fluid behavior is predomi-
nantly governed by viscosity rather than inertia [14]. The laminar flow characteristic
ensures that mass transfer occurs exclusively through diffusion—free from the tur-
bulence inherent in macro-scale liquid flow. Additionally, the distribution of fluid
velocity within channels, propelled by pressure-driven flow, adheres to boundary
conditions, resulting in a distinctive parabolic velocity profile.

In microfluidic systems, acoustic-, electrokinetic-, magnetic-, and optical-based
active approaches are used as mixing mechanisms, as well as passive approaches
such as lamination and serpentine channels Tesla microstructures [15, 16].
Microchannels have a high surface-to-volume ratio, allowing the heat produced
because of reactions to dissipate quickly and creating more active sites in the reac-
tions [17]. The influence of surface forces (e.g., surface tension), electrical effects,
van der Waals interactions, and surface roughness of channel sidewalls becomes
more important and often dominates particle motion, especially for nanometer-
sized materials (proteins, DNA, etc.), nanocrystals, and so on [18]. These unique
properties make microfluidic systems effective tools for applications, such as bio-
logical sample preparation, examination of reaction kinetics, chemical synthesis,
and biological analyte detection [19]. Moreover, the ability to work with real-time
monitoring and high controllability under the laminar regime in small volumes has
become indispensable, especially to produce nanomaterials that require precise pro-
duction techniques. The primary advantage and, concomitantly, the principal chal-
lenge inherent in the utilization of microfluidic systems lie in the potential for
innovative manipulation of diverse effects and reaction parameters to create tailor-
made nanomaterials. Basically, microfluidic systems are used in the control of
structures such as shape, size, and structure of nanomaterials, process development
of high-efficiency tools, and scale-up through continuous flow processes.

2 Conventional Methods for Producing
Carbon-Based Materials

Carbon, among the myriad chemical elements, stands out as one of the most abun-
dant and versatile elements in the universe, playing a distinct and vital role. Its
allotropic nature contributes to the foundation of life in nature, as carbon com-
pounds exhibit vastly different properties based on the arrangement of adjacent car-
bon atoms. Illustratively, diamond and graphite exemplify this phenomenon.
Diamond, recognized for its extreme hardness, contrasts sharply with the fragility
and brittleness of graphite [20, 21]. Beyond these characteristics, carbon demon-
strates the capacity to give rise to a diverse array of nanostructures, encompassing
graphene single sheets, mono- and multiwalled carbon nanotubes, carbon fibers,
fullerenes, onions, and nanodiamonds. Notably, carbon exhibits a unique capability
to form bonds with nearly all chemical elements, resulting in an extensive range of
molecules and compounds [22] characterized by diverse chemical and physical
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properties. Additionally, graphite is acknowledged for its exceptional thermody-
namic stability and high conductivity, rendering it well-suited for applications in
electronic devices such as batteries, electrodes, solar panels, and more.

Carbon nanomaterials represent a highly promising avenue in nanotechnology
due to their exceptional properties, making them a focal point for extensive research
across diverse fields. In the realm of biomedical applications, they introduce novel
functionalities, particularly in areas such as sensing and the controlled release of
pharmaceuticals and drugs [23, 24]. In electronics, their molecular-sized diameter,
combined with a microscopic-scale length and outstanding optical and electrical
properties [25], paves the way for the innovation of advanced electronic devices.
Utilizing composites derived from carbon nanomaterials proves advantageous, as
they exhibit favorable mechanical properties and electrical and thermal conductivi-
ties, rendering them valuable in various applications. These materials also showcase
desirable attributes for corrosion protection, positioning them as ideal reinforcing
elements, as well as protective materials [26], in the development of new engineer-
ing products [27]. Furthermore, the applications of microfluidic systems extend to
environmental domains, making notable contributions to environmental remedia-
tion, separation processes, and water treatment [28-31].

Nanomaterial production can be realized through two fundamental approaches:
the top-down and bottom-up methods [32]. The top-down method entails the reduc-
tion of larger structures through mechanical force to achieve industrial-scale dimen-
sions. However, this approach lacks precise control over particle growth and
demands costly equipment and substantial energy input. Commonly utilized tech-
niques involve mild electric current, pressure, microwave, heat, and ultrasound,
often necessitating multistep processes with extended application times. Prominent
methods within this category include electrodeposition, solvo-microwave, hydro-
thermal, solvo-exfoliation, and mechanical exfoliation [33]. Notably, mechanical
extraction, exemplified by the tape-peeling technology pioneered by Geim and col-
leagues, represents a straightforward method for separating graphene layers by
overcoming Van der Waals attraction [34].

In contrast, the bottom-up approach requires self-assembly of atomic or molecu-
lar precursors to produce nanomaterials. Although this method often tends to form
agglomeration and can produce amorphous particles with increased solubility and
bioavailability, it is used to produce many nanomaterials. The most used methods
are self-assembly, sol-gel, coprecipitation, microemulsion, template synthesis,
sonochemical, chemical vapor deposition (CVD), magnetron, Evaporation, and ion
beam sputtering [35-38]. Among these, CVD is one of the most frequently used
methods in the production of carbon nanomaterials, such as carbon nanotubes and
graphene [39]. In CVD, gaseous reactants are applied on a suitable substrate at rela-
tively high temperatures (600-2300 °C), and this application causes the products to
accumulate layer by layer on the suitable substrate[40].

The methodological constraints inherent in traditional production methods hin-
der the seamless transition of nanomaterial production into practical applications
across diverse fields, such as electronics, biomedicine, green synthesis, drug deliv-
ery, and biosensors. These limitations impede the progress of research endeavors
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within these areas [41, 42]. As a result, there is an urgent need for an easy and effec-
tive production technique to produce high-quality nanomaterials.

3 Microfluidic-Based Carbon Material Synthesis

The term miniaturized total chemical analysis systems was first utilized by Andreas
Manz in 1990, and this technology became the father of current microfluidics [12].
By the definition of George Whitesides, microfluidics alludes to micron-sized chan-
nels, including systems that can manipulate 10~° to 10~'® L fluid [13]. Recent devel-
opments in micro- and nanofluidics help to make rapid analysis with less volume of
samples in several areas, such as biology, chemistry, and nanotechnology [43—45].
At micro- and nanoscale flows, with the effects of decreased flow rate and increased
surface-to-volume ratio, interfacial and viscous forces become more important than
gravitational and inertial forces [46]. These characteristics of microfluidic systems
provide them certain advantages, such as enhanced heat and mass transfer and lami-
nar flow, in nanomaterial synthesis compared with the conventional top-down and
bottom-up methods, which are generally problematic in terms of reaction control,
scalability, harsh chemical utilization, and time-consuming multistepped pre- and
posttreatments [47, 48]. A significant obstacle in bulk synthesis is nonuniform mix-
ing of chemicals, which causes diminished uniformity in particle distribution. By
altering the geometry and size of the channels, flow direction and rate can be con-
trolled precisely. Considering these manners, micromixer-like structures can be uti-
lized for the process of homogenous mixing and reacting within the microchannels,
resulting in monodispersed and controllable shaped materials [49]. Moreover, sev-
eral channels can be run in one chip at the same time continuously and rapidly,
which is promising for large-scale synthesis, and eventually, it decreases batch-to-
batch differences.

Depending on how the flow pattern is altered, there are two primary categories of
microfluidics, which are single-phase (continuous-flow microfluidics) and multi-
phase flow (droplet-based microfluidics). Continuous flow synthesis is typically
carried out in laminar flow with a smaller Reynolds number [50]. The majority of
microfluidic fabrications include single-phase flow, which is quite suitable for nano-
precipitation techniques [51]. Moreover, it is an alternative method for graphene-
based fiber and graphene oxide sheet fabrication, instead of wet-spinning,
solution-spinning, and coaxial spinning [52]. Previous studies have demonstrated
that the strong n-interaction during the conventional synthesis process causes sig-
nificant reassembling of graphene oxide nanosheets, destroying the material’s
excellent conductive properties and severely limiting its applications [16]. In addi-
tion, graphene-utilized fiber-shaped super micro conductors are commonly used
materials for wearable fabric electronics considering their flexible and light struc-
ture, but to preserve their superior properties, the correct fabrication method must
be chosen [53]. Recent reports point out that microfluidic spinning is an emerging
technology to address the challenges in the existing fabrication methods (Fig. 1a)
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Fig. 1 Schematics of (a) shape tunable composite carbon fiber fabrication. (Reproduced with
permission from Hu et al. [54], Copyright 2019, Elsevier); (b) three-stepped synthesis of carbon
dots and (c) full spectrum of synthesized CDs. (Reproduced from Shao et al. [55], Copyright 2019,
Royal Society of Chemistry). (d) microdroplet formation and (e) graphene oxide exfoliation in
microdroplet microreactors. (Reproduced the permission from Qiu et al. [56], Copyright 2020,
American Chemical Society)

[54]. Homogenous porous structures created on the fibers with precise control dur-
ing the microfluidic fabrication would increase the surface area, which provides
enhanced areal-specific capacitance and areal energy density. For instance, N-doped
graphene fibers with uniformly distributed porous structures fabricated with a
microfluidic system exhibit a promising areal energy density of 95.7 pWhem=2 [57].
The second flow pattern is multiphased microfluidics, which involves more than one
immiscible phase, which could be liquid-liquid or gas-liquid. Herein, by applying
multiple reactants from separated channels at a controllable rate, the mixing ratio
can be arranged and materials with diverse morphology and hybrid characteristics
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can be fabricated, such as hollow, core-shell, or composite fibers and Janus particles
[58]. Droplet-based microfluidics focuses on the creation and manipulation of
micron- to nano-sized separate droplets within the channels. Droplet production can
be precisely monitored in real time and controlled over material fabrication pro-
cesses by adjusting the device geometry, channel dimensions, and flow rates of
individual fluids [59]. It is a commonly employed method for uniformly distributed
nanoparticle synthesis, such as carbon dots (CDs) (Fig. 1b, c¢) [60], quantum dots
(QDs) [61], and porous carbon nanospheres [62]. Through microfluidic systems,
nanomaterials can be fabricated and modified with various materials in a single step
[63]. Furthermore, each droplet can be used as a separate microreactor for multi-
plexed carbon material synthesis (Fig. 1d, e) [56]. Regarding these, microfluidic
fabrication offers an alternative green synthesis technique with a micro- and nano-
scaled control on the material.

Even though microfluidics has superior features over conventional methods,
including high reproducibility, controllable particle shape and tunable particle size,
less reagent consumption, and advanced heat and mass transfer, they also have
restraints. First and most commonly, micron-sized channels are prone to clogging.
Aggregated particles in the channels, for instance, cause obstacles in the chip that
may affect the mixing rate of reagents and cause the reaction to fail. Material com-
patibility and enhancement could be another problem because, generally, materials
are selected for conventional laboratory methods; however, microfluidics may
require extreme properties. Moreover, the fabrication of microfluidic devices itself
can be intricate and may need specialized expertise and equipment. In view of these,
there are still many features that can be improved for microfluidics.

4 Synthesis of Carbon-Based Materials On-Chip

Carbon is destined to play a highly significant role in the nanotechnology age due to
its small size and bond hybridization. These properties enable carbon to form
numerous structures with versatile dimensions, such as zero-dimensional carbon
dots (CDs) and fullerenes, one-dimensional carbon nanotubes (CNTs), and two-
dimensional graphene sheets. Carbon-based materials offer a broad spectrum of
applications in numerous scientific fields, including biomedical imaging [64], drug
delivery systems [65], organic electronics [66], in vivo and in vitro biomedical
applications [67], and biosensors [53].

Conventionally, the synthesis of carbon-based materials includes top-down
methods, such as laser ablation [68], electron beam ablation [69], and electric arc
discharge [70], as well as there are strategies on bottom-up chemical methods, such
as chemical process methods [71]. Further, carbon nanomaterials require sorting
and isolation for achieving monodispersed size and structure. This is highly vital
since the spectral properties of carbon materials are dependent on their size. The
polydispersity results in low control over the physical and electronic structure of the
material [7]. The conventional methods lack control over structural parameters, and
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Fig. 2 Schematic representation of the microfluidic synthesis of carbon-based nanomaterials

reproducible large-scale fabrication is not established for such methods. However,
the utility of microfluidics enables well-manipulations over the structural parame-
ters by providing a controllable and continuous process. Today, many carbon-based
materials have been synthesized via microfluidic techniques, including carbon and
graphene quantum dots, graphene, graphene oxide, reduced graphene oxide, and
carbon spheres. Current microfluidic methods include either direct or hybrid syn-
thesis [72]. Direct synthesis utilizes microfluidic methods to fabricate carbon nano-
materials with desired properties, whereas hybrid synthesis is the integration of
carbon nanomaterials with others using microfluidic techniques as a tool. This sec-
tion explains the microfluidic synthesis of carbon-based nanomaterials, specifically
examining carbon dots, graphene dots, and integrated hybrid nanomaterials, which
include graphene oxide (GO) and reduced graphene oxide (rGO) (Fig. 2).

4.1 Synthesis of Carbon and Graphene Dots On-Chip

Right after the discovery through the isolation of single-walled carbon nanotubes
(SWCNTs), carbon dots (CDs) became the central part of the carbon-based nano-
materials [73], which was then awarded the Nobel Prize for Chemistry in 2023 [74].
Carbon nanodots have tunable photoluminescence, high quantum yield, and bio-
compatibility properties. In addition, they utilize cost-effective precursors for the
synthesis, resulting in high quantum yield [75]. They are utilized in numerous appli-
cations encompassing biosensors [76], bio-imagining [77], theranostics [78], catal-
ysis [79], optoelectronics [80], and photonic crystals [60]. CDs are frequently
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generated using laser ablation technique, wherein a carbon substrate is subjected to
an intense laser beam in an atmosphere of water vapor, while argon is utilized as the
carrier gas. However, this strategy and many other conventional methods have con-
fines over the control over size and structure control, which impede the scalability
of the process. Microfluidic synthesis inside microreactors provides a facile and
rapid optimization process with enhanced heat- and mass-transfer rates [81]. Teflon
capillaries [82], PTFE tubes [83], stainless steel tubes [83] (Fig. 3a), foamy copper
microchannels [84] (Fig. 3b), and ceramic microfluidics [86] are the preferred mate-
rials for the synthesis of carbon materials on a chip. These materials are chosen for
either their high thermal conductive (i.e., stainless steel and copper) or inert and
chemical-resistant (i.e., ceramic, PTFE, and Teflon) properties. For the generation
of CDs, continuous laminar flow microfluidics with linear-like, snake-like, and spi-
ral mixing modules [87] and droplet-based microreactors with x-, t-, and combined
junctions [60] are utilized. Citric acid, ascorbic acid, ethylenediamine, diethylene-
triamine, L-cysteine, ethanolamine, and phosphoric acid are some of the examples
of carbon sources [81]. Handling of different types of solvents is also an essential
step for the process optimization step. By adjusting these process parameters and
the microfluidic platform, the photoluminescence properties of CDs can be tuned in
a controlled manner. In conclusion, the utilization of microfluidics accelerates the
optimization and enhanced processes with remarkable heat- and mass-transfer rates,
compared to other large-scale synthesis techniques, such as hydrothermal,
microwave-assisted, and magnetic hyperthermia methods [81].
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Fig.3 Some examples of microfluidic-based synthesis of carbon-based nanomaterials. (a) Interior
of a stainless steel microreactor for efficient CD synthesis with three different mixing module
designs [83], Copyright 2017, Elsevier. (b). Fabrication of nitrogen-doped CDs using microreac-
tor, including foamy copper [84], Copyright 2018, Elsevier. (¢) Fabrication steps of GO integrated
and magnetothermal microfluidic-assisted core-shell microfibers [85], Copyright 2020, Wiley



172 B. N. Kiigiik et al.

4.2 Synthesis of Graphene Oxide (GO) and Reduced Graphene
Oxide (rGO) Integrated Hybrid Nanomaterials On-Chip

Graphene, a two-dimensional sheet composed single-atom-thick carbon-carbon
structure, is firstly fabricated from a block of graphite [88]. Contrary to its single-
atom thickness, graphene is much stronger than diamond and has higher electrical
conductivity than copper. Furthermore, this material has great charge mobility and
almost perfect optical transparency [89]. Graphene is synthesized using both bot-
tom-up and top-down techniques. The most utilized and practical technique is
mechanical exfoliation. Many methods provide sufficient large-scale fabrication of
graphene; yet, the control over the size remained as the major drawback. Graphene
oxide (GO) is obtained by layering both sides of a graphene sheet with functional
oxygen groups [90] and conventionally fabricated by the oxidation of graphite and
further exfoliated into GO sheets [91]. In addition, GO is synthesized by chemical
[92] and electrochemical methods [93]. However, the introduction of oxygen,
including functional groups (=0, -OH, -O-, -COOH), forms a large amount of crys-
tal defects, which deteriorates the optical and conductive properties compared to
graphene. Further, GO exhibits hydrophilic and electrical insulator properties,
which are utilized in various applications, including drug delivery [94], biosensing
[53], water purification [95], ion-selective membranes [96], and building materials
[97]. Reduction of GO into rGO provides the reacquisition of the graphene-like
properties of good electrical conductivity and strong optical absorption through
reductive treatments [98].

Microfluidics are utilized to integrate graphene, GO, and rGO into hybrid nano-
materials by providing efficient and rapid optimization methods over the structure
and size of the hybrid nanomaterials. Flexible and high-conductive fibers [56, 57],
core-shell microfibers [85] (Fig. 3c), and spherical microspheres [99] are some of
the hybrid material examples, which are synthesized using microfluidic techniques.
These obtained hybrid materials possess outstanding properties that can be applied
to cutting-edge technologies, such as wearable electronics [56], supercapacitors
[85], and dye removal [100].

5 Controlling Material Production

A controlled environment provided by microfluidic devices enhances the reproduc-
ibility of monodisperse carbon material synthesis, leading to products with tailored
properties, including specific morphologies and well-defined structures [101]. The
origin of these parameters can be explained by dividing the synthesis process into
temporal steps, including mixing and reaction, nucleation, growth, and termination
[102]. Mixing and reaction occurs in the mixing regime of the microfluidic platform
and ensures the efficient diffusion of precursors for the synthesis of monodisperse
carbon-based materials. After mixing, the solute concentration increases to a critical
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concentration where a super saturation limit is established. Supersaturation of
monomers initiates the nucleation process and following sequential addition of
monomers provides growth until the depletion of reagents terminates the growth
process. These temporal synthesis steps can be manipulated in a desired manner by
optimizing the design of the microfluidic platform. Adjusting the kinetic parameters
[59], such as precursor residence time and concentration, diffusion rate, and mass-
and heat-transfer rate, in a microfluidic synthesis process, the properties of carbon-
based materials can be tuned accordingly. One of the most important parameters in
microfluidic fabrication is the reaction volume, and this volume in microfluidics is
adjusted via the diameter and length of microchannels or the size of generated drop-
lets. As the volume inside the microchannel is reduced, the heat- and mass-transfer
rates are improved [103]. Further, the diameter of the mixing channels affects the
heat and mass transfer and flow rate of the system, and literature shows smaller
diameters present better heat and mass transfer of the introduced raw materials from
different inlets [55]. Microfluidic fabrication of CDs has also benefited from
enhanced heat and mass transfer rate. CDs nucleation process is complex, and a
model explaining the process is not found in literature yet [104]. CDs are synthe-
sized from the thermal decomposition of carbon precursors. In this process, the heat
transfer rate and residence time are crucial for adjusting the size of CDs which will
significantly affect their emission spectrum and quantum yields [105]. Moreover,
the design of the microfluidic system is another factor that enhances material syn-
thesis. As mentioned, homogenous mixing of the initially introduced precursor and
curing material has crucial importance for uniformly distributed material synthesis.
Especially for the carbon-based nanoparticles, the mixing rate, mixing time, and
precipitation time affect the size and size distribution and consequently polydisper-
sity index (PDI) of the particles [106]. Because the solvents and antisolvents are
mixed in a time period that is shorter than the time needed for precipitation, smaller
nanoparticles are formed with a lower PDI when the duration of mixing is less than
the duration of precipitation [107]. In bottom-up approaches, the synthesis of
nanoparticles takes place in comparatively bigger-scale environments, such as a
millimeter or centimeter scale. This leads to localized variations in concentration,
which in turn causes the particles to have a big size and a wide variety of sizes due
to the greater mixing time than the precipitation time. Mixing in microfluidics hap-
pens on a very small scale, often in the range of micrometers. To achieve high-
quality nanoparticles and efficient mixing, different shaped microfluidics are
introduced in literature, such as spiral [108] and serpentine [109].

6 Conclusion

Carbon-stemmed materials exhibit remarkable electrical, optical, mechanical, and
thermal properties, predominantly influenced by size and crystal structure. These
properties pave the way in presenting diverse opportunities across various research
realms. Conventional fabrication methods however suffer from polydispersity and a
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paucity of control over material growth, resulting in the reduced yield of carbon
materials with desired features. Moreover, the need for additional sorting and isola-
tion steps prolongs the process time and increases costs. On the other hand, micro-
fluidic synthesis shows an innovative approach that allows for precise manipulation
of the growth process of carbon materials. This fine-tuning capability over material
properties is achieved through adjustments to kinetic parameters and microfluidic
design. This chapter elucidates the principles underlying microfluidic synthesis for
carbon-based materials, delving into the fundamentals of carbon-based materials,
microfluidic systems tailored for their synthesis, and the pertinent production
parameters. The exploration of microfluidic synthesis in this context promises
enhanced control, efficiency, and customization in the production of carbon-based
materials, addressing key challenges associated with traditional fabrication methods.

The design of the mixing regime within a microfluidic platform plays a pivotal
role in shaping the trajectory of a reaction, exerting control over the diffusion rate
and residence time of precursors. Through meticulous adjustment of the microflu-
idic chip design and kinetic parameters, one can precisely tune the morphology and
size of carbon-based materials. A defining advantage of employing microfluidic
technology in the synthesis of high-performance carbon-based materials lies in its
potential for large-scale production, characterized by consistency, devoid of batch-
to-batch variations, and amenability to real-time characterization. In particular,
single-phase microfluidic platforms stand out for providing a homogeneous mixing
regime, ensuring reproducible size and morphology in the synthesized materials.
On the other hand, multi-phase platforms offer the additional benefit of automated
production, further enhancing efficiency and scalability in the synthesis process.
The nuanced control afforded by microfluidic design not only optimizes the mate-
rial properties but also streamlines the production process, marking a significant
advancement in the synthesis of carbon-based materials.

Today, there is a significant emphasis on utilizing microfluidic fabrication tech-
niques for producing carbon and graphene dots, owing to their wide range of appli-
cations. By precisely controlling the growth process of a carbon dot with a
microfluidic design, its fluorescence spectrum and quantum yield can be adjusted
accordingly. A noteworthy trend in microfluidic technology is directed towards the
fabrication of near-infrared carbon dots, strategically designed to achieve low-
absorption coefficients, thereby enhancing their efficacy in both in vivo and in vitro
bioimaging applications. Furthermore, graphene undergoes oxidation and subse-
quent reduction processes, resulting in the formation of graphene oxide and reduced
graphene oxide sheets. These versatile materials serve as building blocks for various
hybrids, including fibers, membranes, and flexible patches. The applications of
these hybrid materials span diverse fields, such as wearable electronics, superca-
pacitors, biosensors, and water purification. It is important to state that currently,
direct microfluidic synthesis of both graphene and carbon nanotubes (CNT) from
carbon sources is not prevalent in the literature. This scarcity can be attributed to
concerns related to fluid interactions potentially introducing crystal defects during
the synthesis process. Despite this limitation, the exploration of microfluidic tech-
niques in the fabrication of carbon and graphene-based materials underscores their
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significance in advancing the field and addressing specific challenges in material
synthesis.

The usage of microfluidics for carbon-based materials also faces many chal-
lenges, such as (i) the blockage of microfluidic channels during the growth process,
(i1) potential contamination from microchannel walls, and (iii) low throughput,
which poses significant hurdles, particularly in meeting the demands of commercial
and industrial-scale production. Additionally, there exists a knowledge gap in the
understanding of fluid dynamics and growth processes in the microfluidic synthesis
of carbon-based materials, necessitating further research. Looking ahead, we antici-
pate that future studies in the microfluidic synthesis of carbon-based materials will
trend toward addressing these challenges. The trajectory of research is expected to
focus on advancements in green synthesis techniques, aiming for environmentally
friendly processes. Moreover, we foresee a notable integration of machine learning-
assisted chip design, leveraging artificial intelligence to optimize and enhance
microfluidic systems for improved performance and efficiency. By addressing these
challenges and leveraging emerging technologies, the field of microfluidic-based
synthesis, especially for carbon-based materials, is poised for continued growth and
innovation.

7 Multiple Choice Questions

1. What differentiates microfluidic synthesis of carbon-based materials from con-
ventional methods?

A. Polydisperse nature of size and morphology.
B. Low heat and mass transfer rate.

C. Monodisperse nature of size and morphology.
D. Expensive and time-consuming optimization.

2. Which of the following carbon allotrope is not directly fabricated in microfluid-
ics from its carbon sources?

A. Carbon nanotubes.

B. Graphene oxide.

C. Reduced graphene oxide.
D. Carbon dots.

3. Which of the following features about graphene oxide is true?

A. GO has higher charge mobility and conductivity than graphene and rGO.
B. GO and graphene have identical properties.

C. GO has lower surface area than graphene and rGO.

D. GO contains crystal defects due to oxygen-functionalized groups.
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4. Tt is known that microfluidics has superior features that are advantageous in car-
bon material synthesis. Which of the following describes the behavior of the
fluids in a micro-scale structure?

Provides improved heat and mass transfer with a high Reynolds number.
Provides chaotic flow and better mixing with a high Reynolds number.
Provides improved heat and mass transfer with a low Reynolds number.
Provides better mixing because gravitational and inertial forces become
more dominant over interfacial and viscous forces.

oSawy>

5. (I) Top-down synthesis of carbon nanomaterials can be controlled precisely at
the nanoscale.

(IT) Graphene fibers, which are a commonly used material in wearable electron-
ics, can be fabricated through continuous-flow microfluidic systems.

(III) Uniformly distributed micron- to nano-sized droplets that can be utilized as
a particle or microreactor can be produced via multi-phase microfluidic systems.

Which of the following is the answer when the given sentences are evaluated as
“true” or “false”?

T-T-F.
F-T-T.
F-F-T.
F-F-T.

oSawy>

6. Which of the following is true when the blanks are filled in appropriately?

(€ , gaseous reactants are applied on a suitable substrate
at relatively high temperatures (600-2300 °C), and this application causes
the products to accumulate layer by layer on the suitable substrate.

D oo can be utilized for the process of homogenous
mixing and reacting within the microchannels, resulting in monodispersed
and controllable shaped materials.

(IIT) Conventionally, the synthesis of carbon-based materials includes . . ... ...
...... methods, such as laser ablation, electron beam ablation, and electric
arc discharge, as well as there are strategieson................ methods
such as chemical process methods.

A. Chemical vapor deposition—continuous
flow—bottom-up—top-down.

B. Chemical vapor deposition—micromixers—top-down—bottom-up.

C. Thermogravimetric analysis—serpentine
channels—bottom-up—top-down.

D. Coprecipitation—micromixers—top-down—bottom-up.
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