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Introduction 
 
The superior properties of nanomaterials will promise a revolutionary new approach with a major 
impact in a wide variety of innovative applications, ranging from catalysis to photonics and 
optoelectronic, from energy production to thermal management. These improvements stem from 
structural features such as particle size or layer thickness on a scale 1-100 nm, much smaller than that 
found in bulk materials. Additionally, biological systems are considered as the ideal playground for 
nanoparticle (hereafter denoted as NP) applications. Therefore, the screening and synthesis of new 
nanostructured materials is a major research topic in the development of the nanotechnology field. 
NPs of a wide range of chemical compositions and phases can be prepared by a variety of methods; 
however the production of large amounts of pure, non-agglomerated NPs, with desired size and 
narrow size distribution, is still an extremely difficult task 1. 
This chapter overviews different approaches for the synthesis of nanostructured materials based on 
alternative methodologies to the most conventional and widespread colloidal wet chemical routes and 
with a great potential applicability to large-scale and continuous production of nanomaterials. 
Microfluidics and laser-assisted pyrolysis technologies are fully described. Their major outcomes, 
present state-of-the-art and potential applications for the next future are reviewed. The major 
advantages of microreactors include favorable surface area-to-volume ratios and increased driving 
forces for heat and mass transport. A more exquisite control and miscibility of reactants, reduces costs, 
time and enhances reproducibility from batch-to-batch strategies. Laser pyrolysis also exhibits several 
advantages, such as high quality and purity of the products obtained due to the reduction of side 
reactions, a continuous process capable of high yields that avoids the intrinsic variability of batch 
processing, and ability to tune nanoparticle properties by adjusting the process parameters.  
 
Microfluidic Technology 
 
Microfluidics Fundamentals  
 
Continuous flow reactors based on microfluidics constitute an upcoming technology of highest 
potential for liquid phase synthesis of nanomaterials. This technology overcomes the inherent 
drawbacks which batch synthesis reactor suffers from: lack of reproducibility of size, wide size 
distribution, lack of quality of the nanomaterials from batch to batch and scale-up difficulties.2, 3 
Sufficient mixing and rapid mass transfer can significantly improve these parameters, which in turn 
control both the physical and chemical properties of nanoparticles. Microfluidic technology takes 
advantage of the large surface area-to-volume ratios within microchannel structures to accelerate heat 
and mass transport. Microfluidic systems offer large interfacial areas per unit volume (10,000–50,000 
m2/m3) which is much higher than the surface area-to-volume ratio of conventional reactors (100 
m2/m3)4. This accelerated transport allows for fast changes in reaction temperatures and reagent 
concentrations, originating a more uniform heating and mixing which can have dramatic impacts on 
macromolecular yields and nanoparticle size distributions4. Furthermore, microfluidic technology 
brings up some interesting advantages to the nanomaterials field, including enhancement of mass and 
heat transfer, feedback control of temperature and feed streams, reproducibility, rapid screening of 
synthesis parameters, and low reagent consumption during the optimization process because of the 
small volume reactor.2 These advantages enable nanoparticle synthesis reactions to be performed 
under more aggressive conditions with higher yields than can typically be achieved with conventional 
batch reactors.2 Novel nanomaterials can be produced since it is feasible to work at elevated 
temperatures and pressures while confining potentially toxic, high reactive starting materials.2 
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Microfluidic reactors offer modular design, with the possibility of increasing the number of modules to 
adapt to the specific process requirements3. Microfluidic technology brings the possibility of 
synthesizing nanomaterials at the point-of-use4. This eliminates the need to store and transport 
hazardous materials and provides an ease handling of nanoparticles prone to ageing or phase 
transformation, dependent on the local conditions, or are not economically amenable for large-scale 
production.  Scaling the production by “numbering up” (arraying parallel microreactors) enable capital 
investment and market growth to be coupled, reducing financial risk, which is valuable in emerging 
areas such as nanotechnology.5 
Microfluidic reactors are continuous-flow chemical synthesis reactors typically containing a network of 
miniaturized flow channels under the millimeter range. The network of channels designed to maximize 
the reaction performance towards the desire nanomaterial shape, composition or size distribution. 
Microfluidic reactors have evolved from simple tubing6 to complex and sophisticated systems 
integrating control of operating parameters and in situ characterization techniques in a chip.7 
 
Fabrication of Microreactors  
 
Type of reactors. Continuous flow microreactors can be categorized into two groups: the simplest 
capillary tubes constructed by mechanical assembly and more sophisticated on-chip microchannel 
networks4. The main challenge in using microfluidic reactors to nanoparticle synthesis is to design 
microsystems capable of producing the desired solid materials at the desired conditions without the 
reactor clogging.2 The chemical and physical properties of the nanomaterial selected as target will 
influence in the microfluidic reactor design: material used for reactor construction, microchannels 
arrangement, reagents addition, pressure, temperature and solvent affinity. 
 
Tubing systems that operate by using capillary tubings for the flow of fluids could be considered as 
tubular flow systems but with dimensions of microns. Capillary tubings are usually made of stainless 
steel, silica or polymers depending on the wettability required, as well as the mechanical requirements 
established to endure at the synthesis conditions. They are used in preliminary test to access small 
scale flows within the simplest feature. Furthermore, they provide cheap and simple approaches for 
continuous flow experiments with well-known hydrodynamics based on dispersed plug-flow models 8. 
This type of reactor enables an easy manipulation of operating parameters such as residence time or 
temperature 9, but under some synthesis conditions it could arise mixing limitations that could not 
enable the proper size distribution10. Though the capillary tube reactors have several advantages such 
as flexibility and simplicity in operation, they are frequently prone to problems such as clogging or 
blockage of reactor channels and may lead to broader particle size distributions.11 These drawbacks 
were faced in some cases by using coaxial tube reactors or segmented flows, where two immiscible 
liquids with laminar flow resulting in the formation of droplets of the reactant solution that avoids the 
contact of the reacting phase with the reactor walls10 (see figure 15.1 a-b). Synthesis of inorganic 
nanomaterials using capillary tubes made from stainless steel12, silica glass9, and polymers like PTFE6 
have been reported.  
 
 Chip-based flow systems. Chip-based flow systems are devices that integrate multiple functions. As a 
result of advances in microfabrication processes, several materials can be chosen among for building 
chip-based flow systems. Depending on the constrains imposed by the type of applications and 
operating conditions, they can be fabricated from various materials such as glass, silicon, stainless 
steel, metals, and polymers13. Glass has been the most popular material since it is chemically inert to 
most reagents and solvents. The transparency of glass enables the visual inspection of microchannels in 
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order to detect a fouling process and fabrication procedures are well established14. The low thermal 
conductivity of glass limits applications requiring good heat transfer. 
 
Silicon has also found widespread use in the fabrication of microreactors, since methods developed for 
semiconductor chip production can be applied to create a variety of three-dimensional layouts15. 
Silicon and oxidized silicon, like glass, are chemically inert to most reagents and solvents, which grant 
silicon based reactors with outstanding heat-transfer capabilities. Exothermal reactions that require a 
fast heat removal as well as reactions that require very high or low temperatures benefit from silicon 
microreactors16. Silicon technology is undoubtedly the most advanced manufacturing technology. 
Structuring by lithography and subsequent etching (wet and dry etching) allow structures to be carved 
into wafers with high precision at the micron range (see figure 15.1-c).  
 
Stainless steel is the standard material for process chemistry and, stainless steel chip-based reactors 
have been developed, including modular systems such as micromixers and heat exchangers 17 (see 
figure 15.1-d). Stainless steel microreactors are typically fabricated using conventional machining, 
electroforming, electro-discharge machining (EDM), or laser ablation2. The dimensions of these reactor 
systems are generally larger than those of glass and silicon reactors because the resolution of the 
fabrication techniques is less accurate than the ones applied in glass or silicon. Stainless steel based 
flow chips are especially advantageous for processes involving high heat load and toxic reagents thanks 
to good chemical compatibility and thermal resistance of stainless steel, except for synthesis process 
where strong acids are involved2.  
Polymer-based microflow systems made of polymers such as poly (dimethylsiloxane) (PDMS) are 
relatively inexpensive and easy to produce. The huge variety of plastics materials, displaying a wide 
range of properties, covers a gap in micro-system manufacturing. The chips replication is very cheap, 
but many solvents used for non-aqueous nanoparticle synthesis are not compatible with these 
polymers that show limited mechanical stability and low thermal conductivity. Consequently, the 
application of these reactors is mostly restricted to aqueous wet-chemistry methods at atmospheric 
pressure and mild temperatures21. Their fabrication is made following the popular soft lithography 
technique22, where a negative photoresist is used to prepare a master chip, followed by the silicon 
elastomer casting onto this mold and further curing. The PDMS layer is peeled off and bonded to a 
glass slide to seal the channels2. There are some prominent replication technologies such as hot 
embossing and microinjection molding. Some new polymers have been applied in polymer-based chips 
in order to overcome the drawbacks of PDMS. For instance, SU-8-PEEK microreactors have been 
developed for nanomaterials synthesis based processes up to 150 ºC and pressure up to 2 MPa23. 
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FIGURE 15.1  
(a) Schematic of the segmented flow generation in a microreactor. (b) Detail of segmented slugs generated at a  
hydrophilic microfluidic reactor. The aqueous slug (continuous phase) contains fluorescein (green color); the 
disperse phase is toluene. (c) Spiral silicon/Pyrex microfluidic reactor designed at MIT for gold nanocrystal 
synthesis. Reprinted with permission from ref. 10; d) Stainless-steel microreactor designed by IMM. Reprinted with 
permission from ref. 18; d) Slit-type interdigital micromixer made in glass for laboratory-scale applications, typical 
liquid flows 10–1000 ml/h. Reprinted with permission from ref. 19; e) Multi-lamination pattern fed by 138 
microchannels in a SuperFocus mixer made of stainless steel and equipped with an inspection window. Reprinted 
with permission from ref. 20 
 
Chip-based flow systems usually contain microchannels, which allow small volumes of reagents to flow, 
mix and react under an exquisite environment control. They also integrate various components such as 
micropumps24, micromixers17, microvalves25, microheaters26, optical or electrochemical sensors27. The 
continuous operation mode allows sophisticated control of reactions, for instance, secondary reactions 
can be started or quenched at a certain reaction time by adding reagents from certain spatial positions 
downstream. For nanoparticle engineering,allows the  growth multi-layer nanostructures. Macroscopic 
devices usually enhance the diffusional mixing activity by turbulent stirring or shaking, which is not 
feasible in microflow systems, where the operation conditions are usually under laminar flow. 
Micromixers instead use appropriate channel geometry to establish large contact-surface-to-volume 
ratios between streams, for example, by following a multilamination strategy (see figure 15.1 e-f). The 
diffusion time strongly depends on the diffusion length (diffusion time = [diffusion length]2/[diffusion 
coefficient]). Then, the smaller the microchannel diameter, the faster is the mixing. The strength of 
micromixing is particularly important in multiphase applications. For instance, the capability to produce 
very uniform emulsions on an industrial scale has been demonstrated by using micromixers28. Heat 
transfer is governed by the same principles that mass. The speed of thermalization within the reactors 
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improves with shrinking micro-channel diameters, and most importantly the heat flow through 
increases as the wall thickness diminishes. An integrated microchannel heat exchanger, for instance, 
could provide heat transfer coefficients up to 26,000 W/m2 K, which is an order of magnitude higher 
than conventional heat exchangers4. This fact makes that a fast and accurate temperature control 
could be achieved for nanoparticle synthesis. In general, it takes only seconds or sub-seconds to raise a 
solution in a microchannel from room temperature to hundreds of degree4. Consequently, the 
successful fabrication of microflow systems must handle both properties of materials and design 
parameters in order to fulfill the expected requirements. 
 
Laser Pyrolysis 
 
Developing methods for the synthesis of nanoparticles are taking place in colloid systems where 
stabilization of the as-prepared nanoparticles is used to prevent coagulation. However, gas-phase 
processing systems are better in some cases because of their following inherent advantages: 
 

(i) Gas-phase processes are generally cleaner than liquid-based processes since even the most 
ultra-pure solvent contains traces of minerals or impurities, detrimental such as electronic 
grade semiconductors. These impurities seem to be avoidable today only in vacuum and gas-
phase systems. 

(ii) Gas-phase processes have the potential to create complex chemical structures which are 
useful in producing multicomponent materials of a broad range of complex compositions, 
such as high-temperature semiconductors. 

(iii) Particle size crystallinity , degree of agglomeration, porosity, chemical homogeneity, 
stoichiometry all this properties can be relatively tuned up by either adjusting the process 
parameters or adding an extra processing step, e.g. sintering or size fractioning. 

(iv) Gas-processes for particle synthesis are usually continuous process, while liquid-based 
synthesis processes or milling process are often performed in a batch form. Batch processes 
can result in product characteristics which vary from one batch to another. 

 
The laser pyrolysis technique is usually classified as a vapor-phase synthesis process for the production 
of nanoparticles. At the beginning of the 80`s, Cannon et al 29 first reported laser pyrolysis as a method 
for producing highly uniform silicon nano-powder. Later, in the middle of the 80’s, the laser pyrolysis 
technique was used to study the gas-phase thermal decomposition of iron pentacarbonyl Fe(CO)5 and 
metal hexacarbonyl complexes M(CO)6 of Cr, Mo and W 30 31. This highlights the versatility of the 
technique as a synthesizing method. The advantages in this technique include: a well defined 
interaction volume, spatial uniformity of the reaction zone, short millisecond scale residence times, 
high heating/cooling rates, no interaction with the reactor chamber walls to minimize the presence of 
impurities and the attainment of very fine particles 32.  
This overview shows laser pyrolysis technique to be one of the most powerful and versatile gas-phase 
technique for producing nanostructures of various chemical compositions in the range 2-200 nm in 
average particles size with remarkably narrow distributions, which can be used for promising structural 
and functional applications. 
 
Model Processing. The principle of the method is based on the decomposition of reactants by a high-
power infrared (IR) CO2 laser followed by a quenching effect. In this category of synthesis routes, 
nanoparticle formation starts suddenly when a sufficient degree of supersaturation of condensable 
products is reached in the vapor phase. This includes a vapor phase that is thermodynamically unstable 
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relative to formation of the solid material to be prepared in nanoparticles form. Once nucleation 
occurs, the remaining super-saturation can be relieved through condensation and fast particle growth 
(coalescence/coagulation). At sufficient high temperature particle coalescence (sintering) is faster than 
coagulation and spherical particles are formed. At lower temperatures, where sintering is negligibly 
slow loose agglomerates are formed. In order to prepare small particles it is necessary to create a high 
degree of supersaturation, thereby inducing the formation of a high nucleation density and then 
immediately quench the particle growth. This occurs rapidly (in the millisecond to second regime) in a 
relatively uncontrolled fashion, and leads itself to a continuous or quasi-continuous operation mode. 
This contrasts with colloidal synthesis of nanoparticles that are carried out in discrete batches under 
well-controlled conditions with batch times of hours to days. 
 
Laser pyrolysis process is based on the resonance between the emission of a continuous wave (cw) CO2 
laser and the infrared adsorption band of a precursor or a component present in the incoming reactant 
stream 33, and the subsequent transfer of energy to non laser-active molecules. There is a broad range 
of available materials that absorb at 10.6 μm (0.12 eV). These can be broadly categorized as: i) 
precursors which directly produce the desired materials upon decomposition or chemical reactions 
following laser photolysis or pyrolysis,e. g. silane (SiH4) to produce silicon nanoparticles 34 ii) sensitizers 
that only absorb and transfer energy to heat/decompose reactants without producing products and or 
participating in the reaction, e.g.SF6 to decompose iron carbonyl for Fe nanoparticles synthesis 35 and 
iii) species that have the role of absorbing, decomposing and reacting to assist decomposition of 
precursor, e.g. ethylene in the presence of oxygen to produce vanadium oxide from vanadium oxy-
trichloride vapor 36. The high power of the CO2 laser induces the sequential absorption of several IR 
photons in the same molecule, followed by assisted energy pooling leading to a rapid increase in the 
average temperature in the gas through vibration-translation energy transfer process 37.  
 
In contrast to other vapor-phase synthesis methods, laser pyrolysis displays important advantages 
which permits highly localized and rapid heating (leading to rapid nucleation) in a volume that can be 
limited to a few hundred mm3, followed by fast quenching of the particle growth (in a few ms). As a 
result, small nanoparticles are formed in the hot region. However, an unavoidable disadvantage is 
going along with this method. Agglomeration of the particles occurs after leaving the high temperature 
region since coalescence becomes much slower than coagulation (sintering). 
 
Experimental Method. In a typical laser pyrolysis reactor configuration as shown schematically in Figure 
15.2, the process of laser pyrolysis shown schematically in Figure 15.1, the continuous wave (cw) 10.6 
micron wavelength of the IR CO2 laser is passed through a reactor to intersect an orthogonally flowing 
reactant stream fed through a nozzle, to form a well-defined laser reaction zone (LRZ). An inert gas 
flows through the outer tube with the purpose of confining and cooling the particles. The chemical 
precursors can be either in gas or liquid phase, being the former the preferred option. The use of liquid 
precursors is made possible by bubbling the inert gas, or one of the gas phase reactants, through a flask 
containing the liquid precursor to carry out the vapor into the chamber. After leaving the hot reaction 
zone, the produced particles are driven by the gas flow into a trap; most often is a solid filter of 
cellulose. Recent works have also reported the direct collection of the freshly nucleated particles into a 
set of two bubbler vessels containing liquid media in order to reduce the degree of agglomeration 38. 
The process generally operates under constant pressure governed by an electro valve. Typical cell 
pressures are in the range of 100-700 mbar 39. 
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FIGURE 15.2  
Schematic representation of the Laser pyrolysis device and detail of the reaction area where the IR laser interacts 
with the gas reactants  
 
 

Microfluidics for nanoparticles production 
 
Synthesis methods in microfluidics: approaches to tune monodispersity 
 
Chemical reactions based on wet-chemistry are by far the most widely used method for the synthesis 
of nanoparticles in both bulk solutions and microfluidics40. Two or more reactants are brought together 
and reacted at the proper temperature and pressure conditions. Nanoparticles synthesis can generally 
be classified into two categories based on their flow types: continuous flow (single-phase flow) systems 
and segmented flow (multi-phase flow) systems11. The microreactors that are used in continuous flow-
based systems include capillary tubes, coaxial flow microreactors, and 2D micromixing based reactors, 
and those used in segmented flow systems include gas-liquid segmented microfluidic reactors and 
liquid-liquid segmented or droplet-based microreactors. The droplet based microreactors are further 
classified into single-emulsion based, double-emulsion based and coalescence based reactors41. 
 
In continuous flow systems, the reagents are mixed by passive mixing, increasing the contact area 
between the mixing species so that the species are folded multiple times as they flow along the mixing 
channel. But, reagents are usually allowed to react in microchannels under diffusion-based laminar 
flow conditions. Nanoparticle quality is determines by several factors, such as reaction time, 
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temperature, efficiency of mixing and the concentration of the reagents. Both, laminar flow conditions 
and parabolic velocity profile control the diffusive mixing and residence time distribution (RTD) of 
reagents along the microflow system. If mixing time is high, the RTD is wide and thus nanoparticles 
with a wide particles size distribution are obtained42. Segmented flow systems are used to overcome 
continuous flow drawbacks. The reagents are mixed by active mixing, which utilizes segmentation to 
improve mixing43. Liquid–liquid or gas–liquid segmented flow, which is typically formed by creating 
discrete microdroplets in a second immiscible phase within the microchannel, improve the mixing 
because of the recirculation within the segments. Gas–liquid segmented flow reactors are attractive 
due to the simple separation process of the gas from the liquid once the nanoparticles are produced 
and flow to the reactor outlet. Then, liquid segmentation enhances reactant mixing, promoting a 
narrow RTD and reducing the nanoparticle size distribution40. However, there are some limitations 
arising from the requirement to find suitable fluids (reacting fluid/carrying fluid) that should be non-
miscible over all the range of experimental conditions (pressure, Temperature, pH, etc.)2. 
 
In addition, further phase separation downstream are needed in order to separate the nanoparticle 
stream, which can be addressed through the use of phase separator44 (see figure 15.3-a). The 
narrowness of the nanoparticle size distribution is commonly attributed to the reduced dispersion 
associated with segmented flows. But, recently, Sebastian et al.10 demonstrated that it is the slip 
velocity between the two fluids and internal mixing in the continuous-phase slugs that govern the 
nature of the particle size distribution (see figure 15.1 b-e). In fact, the difference in the physical 
properties of the two phases and the inlet flow rates ultimately control the particle growth. It is then 
necessary a careful choice of continuous and dispersed phases to control the nanoparticle size and size 
distribution10. 
During the synthesis process a succession of processes occur simultaneously: nucleation, growth, 
coarsening, and/or agglomeration. The properties of nanoparticles directly depend on the phenomena 
which occur during these steps. For instance, if the nucleation-growth rate is faster than the mixing 
rate, poly-disperse nanoparticles are obtained. Microfluidic systems, generally defined as reactors 
having micrometer length scale fabricated by microtechnology and precision engineering, exhibit 
significantly enhanced control over each single process independently40. Edel et al.46 demonstrated that 
it is possible to achieve rapid and controllable mixing via diffusion mediated transport. Monodisperse 
semiconductor nanoparticles were obtained because the microfluidic system enabled to control of 
both nucleation and particle growth. 
In contrast, in conventional reactors mixing is driven by convective processes and the heterogenous 
mixing promotes nanoparticle agglomeration and widens particle-size distribution. These facts imply 
that recrystallisations46 or size classification process3 are required to get monodisperse nanoparticles, 
which made not feasible the production of this type of nanomaterials. An elegant and engineered-
sophisticated microflow system was designed by Jensen group in order to produce high-quality 
phosphide nanocrystals in as little as 2 minutes45. A continuous three-stage silicon-based microfluidic 
system was arranged to tune reaction conditions in the mixing, aging, and growth steps (see figure 
15.3-f). 
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FIGURE 15.3  
a) Segmented gas–liquid flow with the capillary separator integrated at the end. Reprinted with permission from 
ref. 42; TEM image of gold NPs synthesized at in a hydrophilic reactor: (b) silicone oil−aqueous segmented flow, (c) 
air−aqueous segmented flow. d) velocity streamlines in a liquid slug (e) Particle size distribution diagram from 
AuNPs gas/liquid−aqueous segmented flow. Reprinted with permission from ref.10; f) Three-stage high-
temperature and high-pressure microfluidic system with a mixing stage, an aging stage, and a sequential injection 
microreactor with six additional injection channels. Reprinted with permission from ref. 45 
 
On the other hand, micromixers enable to tune the mixing time to promote the production of 
monodisperse distribution of nanoparticles. By splitting reagents streams into a series n-substreams of 
similar width, mixing times decrease by a factor n2, as the diffusion time is proportional to the diffusion 
distance46 (see Figure 15.1e-f). Active mixing schemes, where it is applied external forces, improve the 
mixing performance by accelerating the diffusion process. This type of mixing is implemented by 
incorporating some form of mechanical transducer within the microfluidic device using 
microfabrication techniques47. Active micromixers typically use acoustic/ultrasonic, dielectrophoretic, 
electrokinetic time-pulse, pressure perturbation, electro-hydrodynamic, magnetic or thermal 
techniques to enhance the mixing performance. Micromixers with acoustic/ultrasonic actuation 
integrate a piezoelectric material, which after applying an external electrical field generates a strong 
acoustic streaming effect, enhancing species mixing within the channel. In dielectrophoretic force 
assisted micromixers, the electrical field generates a dipole moment on the molecules and the 
interaction between the induced dipole charges and the electrical field generates a net force which 
drives the particles either towards or away from the electrode48. The resulting chaotic motion leads to 
a rapid and efficient mixing effect49. On the other hand, electrokinetic time-pulsed microfluidic mixers 
apply an electrokinetic driving force to transport the sample fluids while simultaneously inducing 
periodic perturbations in the flow field.47 Using this type of micromixers enable to achieve efficiencies 
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of up to 95% 47.The mixing in pressure perturbation mixers is generated by velocity pulsing within the 
fluid streams 50. Electro-hydrodynamic micromixing is based on applying an electrical field 
perpendicular to the interface of fluids with different electrical properties. Applying the proper voltage 
and frequency to the electrodes, a satisfactory mixing performance could be achieved after less than 
0.1 sec over a short mixing distance51. Regarding magneto-hydrodynamic flow effect micromixers, the 
coupling of DC or AC electrical and magnetic fields generate Lorentz forces which induce the stretching 
and folding of the fluid52. These forces enable the reagents mixing within several seconds47. 
 
To avoid complicated microfabrication processes and decrease the cost and complexity involved in 
using active micromixers, a generation of passive micromixers are used by microfluidic community. 
Passive micromixers neither contain moving parts nor require energy input other than the pressure 
head used to drive the fluid flows at a constant rate47. Consequently, the maintenance of passive 
micromixers is cheaper that in active ones. Mixing in passive micromixers is performed by the chaotic 
advection effects generated by manipulating the laminar flow within the microchannels or by 
enhancing molecular diffusion by increasing the contact area and contact time between the different 
mixing species. To promote the mixing of reagents and then the formation of monodisperse 
nanoparticles, several arrangements in micrchannels design have been proposed: intersecting 
channels, 3D serpentine structures, embedded barriers, slanted wells, and twisted channels47. 
Micromixers with intersecting channels can be used to split, rearrange and combine component 
streams to enhance mixing by shear stress53, 54. In zigzag microchannels, the dimension of the periodic 
zigzag unit is important to achieve a good mixing (Figure 15.3-f).  The mixing efficiency increases from 
65% to 83.8% as the geometry ratio s/w was increased from 1 to 8 (where s and w are the periodic 
length and channel width, respectively). But the mixing efficiency decrease at higher s/w ratios, which 
implies that there is an optimal zigzag geometry55.  
 
Microfluidic synthesis of inorganic nanomaterials 
 
During the last years, there has been increasing interest in the synthesis of inorganic nanomaterials by 
using microfluidic methods. Microfluidics solve some of the challenges in reaction engineering3, and so, 
there are a wide variety of inorganic nanoparticle synthesis reported2, 11, 40, 56. The main questions 
addressed relate to the control of the size and shape of the nanoparticles, being considered 
microfluidics as a possible technology to allow the investigation and the control of nanoparticle 
synthesis. The synthesis of inorganic nanomaterias can be classified according to the type of material 
as: metal, metal oxides, semiconductors, nanocomposites and other type of nanomaterias such as 
zeolites. 
 
Metal Nanoparticles. Metal nanoparticles have attracted great interest due to their interesting optical, 
electronic, and thermal properties in fields such as electrical and nonlinear optical devices, dielectric 
materials bioimaging, optical hyperthermia, catalysis and electronics. Generally, metal nanoparticles 
are prepared by reducing the corresponding metal ions precursor with a reducing agent in the presence 
of stabilizing ligands. A number of ligands and surfactants systems have been used to stabilize the 
synthesized particles and minimize agglomeration and deposition on the walls of the microfluidic 
systems. Wagner et al.57 reported the synthesis of Au nanoparticles using  continuous-flow 
microreactor by reducing the gold precursor HAuCl4 by ascorbic acid in the presence of PVP  as 
stabilizing agent. Several parameters, such as the pH, flow rate and reagent concentrations were 
screened to tune the nanoparticle properties. This microfluidic device reduced twice the gold 
nanoparticles size distribution width as that obtained in a conventional synthesis. To prevent the 



Manufacturing Nanostructures  428 

fouling or clogging of the reactor, the microchannel surface was chemically modified. The variation of 
residence time tested did not affect considerably the particle size, but the use of a strong reducing 
agent such as NaBH4 decrease the particle size. These facts are consistent with a fast kinetic nucleation 
and growth reaction. Cabeza et al.10 reported the controlled synthesis of Au nanoparticles, obtained 
using NaBH4 as reducing agent, by air segmentation of the reactive microflows within the time scale of 
10 s. Nucleation and growth of the nanoparticles take place inside the liquid slugs and benefit from the 
mixing characteristics of the two-phase flow. The particle size distribution was sensitive to the 
segmentation fluid as well as the residence time. These facts show that microfluidic reactors are the 
proper technology in reactions where the reaction time is short, since the mixing time must be shorter 
than the reaction time. Gomez et al.58 recently reported the synthesis of hollow gold nanoparticles with 
interesting properties as optical probes for optical hyperthermia. These nanoparticles were obtained 
using a multi-step microfluidic reactor. The proper selection of synthesis parameters enabled the 
growth of these plasmonic nanoparticles, but also the functionalization with a biocompatible ligand 
and sterilization for further use in any biomedical application. Silver nanoparticle under 5 nm size could 
be obtained following the same approach59.  
 
Microfluidics not only allows tuning the nanoparticle size, but also the shape. Microfluidic continuous-
flow synthesis of rod-shaped gold and silver nanoparticles60 were produced just by adapting the 
conventional method reported in batch reactors. Conventionally, the method is based on the growth of 
metal nanorods from spherical metal seed crystals in an aqueous growth solution containing the 
HAuCl4 or AgNO3 precursors, a soft reducing agent, such as ascorbic acid, and a surfactant molecule, 
such as cetyltrimethylammonium bromide (CTAB). The online optical monitoring of the nanoparticles 
obtained in continuous flow allow to assure the rod-shape particle along the time60. A novel approach 
to produce gold nanorods was based in segmented flow61. Gold nanoparticle seeds and growth 
reagents were dispensed into monodisperse picoliter droplets .The confinement within small droplets 
prevented the contact between the growing nanocrystals and the microchannel walls, avoiding the 
reactor fouling. Nevertheless both approaches use a very toxic ligand (CTAB) to cap the nanorod 
surface and direct the anisotropic growth, which means that these nanoparticles could not be applied 
in biomedical applications without the surface modifications. Sebastian et al. produced gold nanorods 
in a continuous microflow reactor but using a novel method where the gold seeds were produced in-
situ and afterwards they were grown into gold nanorods. Furthermore, the gold nanorods were capped 
with a compatible ligand (lysine), assuring a direct application in any biomedical application without 
further modification. Knauer et al.62 synthesized high quality Ag nanoprisms in a two-step segmented 
flow process by chemical reduction of AgNO3. In the first step, homogeneous Ag seed nanoparticles 
with average diameter of approximately 4 nm were prepared. In the second step, the growth of Ag 
nanoprisms was carried out within microfluidic segments by reduction of AgNO3 on the non-capped 
surfaces. The edge length of the synthesized Ag nanoprisms was tuned to be between 35 - 180 nm 
ranges, just by adjusting the Ag seeds concentration of the seed particles. Copper nanoparticles were 
also obtained using a microfluidic reactor63. After comparing the nanoparticles obtained by both the 
conventional batch and the microfluidic processes, the copper nanoparticles formed in microfluidic 
devices were smaller (8.9 nm vs. 22.5 nm) and had a narrower size distribution, as well as an improved 
stability versus oxidation.  
 
Metal Oxide Nanoparticles. Metal Oxide nanoparticles are widely used because their interesting 
applications as sensors, photocatalysts and luminescent materials and described. They can be obtained 
through several well-known procedures such as sol-gel or redox reactions. Magnetic nanoparticles are 
finding increasing application in areas comprising biomedical imaging, labeling, bio-sensing and 
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diagnosis, as well as drug delivery. For biological or biomedical applications, the particle size, nature of 
surface coatings, as well as the lack of aggregation is important to determine the determining 
application scope40.  Superparamagnetic iron oxide nanoparticles have been synthesized using a stable 
passively-driven capillary-based droplet reactor, where the precursors (FeCl2/FeCl3/dextran and 
NH4OH) were segmented by octadecene as carrier fluid64. The particles obtained were 3.6 nm in 
particle size, with a narrow size distribution.  They were also found to be very stable and remained non-
aggregated. 
 
A gas-liquid segmented reactor was used to synthesize silica nanoparticles through the Stöber 
process65. The advantage of using gas in spite of liquid, as inert carrier, is that it can be inert and easily 
added or removed from the system2. A solution of tetraethyl ortho silicate (TEOS) in ethanol was 
contacted and premixed with an ammonium hydroxide solution. The segmentation of the flowing 
reacting medium was achieved by the injection of nitrogen as inert gas. Similar results were obtained 
by Gomez et al., using a passive micromixer instead of a segmented flow reactor66. Nevertheless, both 
type of reactors improve the reproducibility and size distribution obtained using the conventional batch 
process. Titania nanorods have also been synthesized in segmented flow microreactor. Nevertheless 
the carrier was not inert and, in this case, the reaction occurred at the interface between two liquids 
segments where the precursors were dispersed67. ZnO nanoparticles were prepared by micro 
segmented flow synthesis in tubular reactor68. The synthesis was carried out using a multi-step micro-
continuous-flow process.  It was observed that the particle size and optical absorption strongly 
dependent on the water content in the final mixture solution. 
 
Semiconductors. Semiconductor nanoparticles have unique optical and electronic properties, and then, 
can be used in applications such as sensing and imaging. The physical properties of these nanoparticles 
are strongly related to their physical size and shape.  Semiconductor materials have gained the earliest 
interest for microfluidic synthesis. Binary semiconductor compounds such as CdS, CdSe, and ZnS, were 
the first nanoparticles synthesized in a microfluidic system46. Conventional macroscale generation of 
semiconductor nanoparticles has some limitations and the particle size distributions are usually large 
and need post treatment to extract the desired particle size. Then, microfluidic systems have been 
proposed as an alternative synthetic approach to control nanocrystal growth, and the corresponding 
optical properties. The synthesis procedure to grow semiconductor nanoparticles involves the injection 
of a liquid precursor into a hot bulk liquid, followed by growth at a lower temperature in the presence 
of stabilizing surfactants, which enable the size and shape control. The exquisite temperature control 
required to achieve a fine particle size distribution makes microfluidics systems as the most 
appropriate tool of synthesis since an excellent mixing and heat transfer can be achieved. A variety of 
semiconductor nanomaterial have been synthesized using both continuous flow 69and segmented 
flow70 microreactors, incorporating microheater and micromixing units. A laminar microfabricated 
mixer was used in the first reported microfluidic procedure46. A wide variety of nanoparticle sizes were 
obtained just by tuning the residence time of reagents, obtaining better results than in the 
conventional approach. Since this work was published, a numerous list of publications have deal with 
the synthesis of semiconductor nanoparticle by the microfluidic approach2. Initial studies in continuous 
synthesis of semiconductor nanomaterials were performed at atmospheric pressure using a single 
phase laminar flow capillary reactors71. Although these devices have the advantages that are 
commercially available and do not requiring any microfabrication procedure, as well as their access is 
feasible for online characterization72, they suffer from undesired performance if high viscous solutions 
are used. High viscosity leads to slow mixing, broadening the residence time distributions and then 
promoting the production of nanoparticles with a heterogeneous size distribution2, 71.   
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Application of segmented flows for continuous synthesis overcomes these shortcomings by narrowing 
the RTD. CdSe nanoparticles has been synthesized in both liquid–gas70, and liquid–liquid segmented 
flows73. Comparing the results obtained in both continuous-flow and segmented-flow methods, it was 
observed that the enhanced mixing and narrow residence time distribution characteristic of the 
segmented-flow reactor resulted in a significant improvement of the size distribution and reaction 
yield, being more convenient for short residence times experiments70. Hung et al.74 proposed a 
microfluidic device that was based in the fluid segmentation, but the segments were fused under a 
velocity gradient in an expansion chamber. The synthesis of nanomaterials at high temperature is a 
challenge, and outgassing and clogging are usual problems encountered during the synthesis within 
microreactors. These drawbacks can be faced by the selection of appropriate chemical reagents71. A 
novel approach in the synthesis of CdSe nanoparticles at high pressures and temperatures in a 
continuous microfluidic system is using a supercritical fluid as a solvent75. The synthesis in supercritical 
conditions resulted in a decrease of 2% in the size distribution of the CdSe nanoparticles due to a 
decrease of the residence time distribution caused by its lower viscosity compared to non supercritical 
conditions. Also, the use of supercritical fluid promotes a higher supersaturation, which led to produce 
a larger number of nuclei, thus narrowing the size distribution of nanoparticles. The presence of 
temperature gradients in a two-temperature approach microfluidic systems improve the control over 
the nucleation and growth of the nanoparticles, decreasing the size distribution and enables a superior 
kinetic control on growth process69.  CdSe nucleation was induced in the high-temperature zone and 
then, the nuclei were grown at the low-temperature zone. A further development in semiconductor 
nanoparticles synthesis was performed by Baek et al.45. They combine the advantages of both 
temperature gradient microfluidic systems and supercritical fluids to create a continuous three-stage 
microfluidic system that separates the mixing, aging, and subsequent injection stages of InP 
nanocrystal synthesis. The microfluidic system operates at high temperature and high pressure 
enabling the use of solvents in the supercritical regime to promote high diffusivity, which results in the 
production of high-quality InP nanocrystals in a time scale as short as 2 minutes. The quality and 
stability of semiconductor nanoparticles such as CdS and CdSe can be improved by covering them with 
a thin shell of another semiconductor nanomaterial. Microfluidic systems have emerged as a feasible 
tool to control the coating on semiconductor nanocrystals76. 
 
Nanocomposites. The flexibility in designing microfluidic systems and the possibility to add reagents at 
different reaction stages make microfluidic systems suitable for generation of complexly structured 
materials. Multi-step microfluidic systems ease the synthesis of complex onion-type nanoparticles such 
as double shell nanoparticles. Au/Ag/Au double shell nanoparticles were prepared using a two-step 
micro microfluidic system77. The synthesis was based on the reduction of HAuCl4 and AgNO3 at the 
surface of seed particles by ascorbic acid, using a segmented flow microreactor. This approach led to 
nanoparticles with smaller size and narrower size distribution than in the batch synthesis, due to 
effective mixing inside the micro segments. Sequential addition of reagents is a clever strategy 
reported is to create core-shell SiO2@TiO2 nanoparticles and tune the thickness of the shell on demand 
43. Gomez et al.58 recently reported the synthesis of hollow gold nanoparticles obtained in a  multi-
addition reactor, where Co nanoparticles were first synthesized as templates of Au hollow 
nanoparticles. After gold precursor addition to replace Au by Co, nanoparticles were functionalized 
with a biocompatible ligand (PEG) and sterilized. A successive microfluidic approach to create 
hierarchical catalyst nanostructures consisting of metal-decorated nanoparticles that are assembled 
into porous microparticles was developed by Lee et al.78. First, using a silicon-etched microreactor, tiny 
platinum nanoparticles were grown and immobilized onto iron oxide/silica core–shell nanospheres. 
Afterwards, the Pt-decorated silica nanospheres were assembled to form micron-sized particles by 
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using emulsion templates generated with a microfluidic drop generator. These nanostructures were 
reported to show an excellent catalytic activity. Combining organic and inorganic materials synthesis 
strategies in microfluidics opens opportunities for realizing nanocomposite microparticles made of 
organic materials and incorporating inorganic. A new strategy to generate a wide variety of 
multifunctional nanostructures using a fast procedure was developed by Zhao et al.79. They prepared 
quantum dot barcode particles by polymerizing double-emulsion droplets prepared in capillary 
microfluidic devices. The resultant barcode particles were composed of stable quantum dots with 
different optical properties, surrounded by hydrogel shells. They also could fabricated anisotropic 
magnetic barcode particles with two separate cores, one which enables optical encoding and other 
magnetic separation. Another method based on solvent evaporation, was used to prepare core shell 
CdSe@ZnS semiconductor nanoparticles embedded in PLGA microcapsules80. 
 
Other Materials. The synthesis of nanomaterials with a higly crystalline structure, such as zeolites, is 
problematic since it is require a long reaction time that typically lasts up to 1-2 days, even under 
hydrothermal conditions with high autogenous pressures and high temperature in discontinuous batch 
processes81. Hoang et al.82 reported a droplet- and ionic liquid assisted microfluidic synthesis approach, 
which takes full advantage of both ionic liquids and droplet-assisted microreaction systems, for an 
ultrafast, mild, and continuous synthesis of zeolite ZSM-5. Using a T-junction they dispersed a precursor 
solution into a segmented flow. The solvent used for the droplet phase consisted of a mixture of water 
and an ionic liquid. The presence of the ionic liquid was necessary to prevent reactor clogging and 
provide water molecules to the reactive medium. Authors found that crystalline ZSM-5 could be 
produced in 15 minutes, which was much less than the several hours in batch synthesis. A water-liquid 
paraffin two-phase segmented microfluidic reactor was also used to produce ultrafine zeolite A crystals 
with narrow particle size distribution83, 84. Some inorganic crystalline nanomaterials, such as 
hydroxyapatite, were also synthesized in microfluidic systems85. Nano-precipitation of hydroxyapatite 
was carried out in ultrasonic microreactors. The as-prepared nanoparticles were more crystalline and 
with a lower carbonate contamination than the nanoparticles obtained in batch approach. 
 
Microfluidic synthesis of polymeric nanomaterials 
 
The production of organic nanomaterials from new polymers to biomaterials such liposomes, has 
attracted increasing interest in material engineers. Nanomedicine is the application of nanotechnology 
to medicine, which involves the use of engineered nanomaterials for therapy and diagnosis of major 
diseases such as cancer, cardiovascular and infectious diseases86. The first generation of nanoparticles 
with applications in medicine dates back to 1965, when nanoliposomes were synthesized for a wide 
range of biological and pharmaceutical applications. Liposomes were developed to deliver their cargo 
to cells: genes, drugs or other therapeutic agents and contrast agents. While a homogenous size 
distribution is critical to assure a controlled drug dosage, liposome size also ultimately influences the 
detection and clearance rate by the complement system87. The production of liposome formulations 
with a defined size and little size variation is challenging. There are different techniques to produce 
nanoliposomes, such as injection, sonication or membrane extrusion. But liposome populations 
produced from those different techniques are not very efficient to control the variability in terms of 
mean size and population homogeneity. Microfluidic systems have been used in the production of 
organic nanostructures because of their excellent properties to control size and shape of nanoparticles 
in a reproducible fashion. Electro-formation of liposomes in microchannels resulted in giant unilamellar 
liposomes with a mean liposome diameter of about 12 �m88. A different approach was based on a 
fluidic crossflow ethanol injection method to produce homogenous liposome populations89. Liposomes 



Manufacturing Nanostructures  432 

form at the miscible buffer/ethanol interface, varying the particle size between 200 nm and 500 nm. 
The microfluidic cross flow injection method helps to achieve a better control and reproducibility that 
the manual procedure. The approach which allows decreasing the size of nanoliposomes under 300 nm 
using the hydrodynamic focusing was developed by Jahn et al.90. Adjusting the volumetric flow of 
different reagents provides a tool to modify the average liposome size and size distributions. 
 
Over the past two decades, a number of microfluidic approaches have been developed and widely 
applied for making single droplets, and droplet-in-droplet, also known as double emulsions. The 
existing microfluidic approaches for making single emulsions involve the injection of one microflow 
(the dispersed phase) into another immiscible or partially immiscible liquid phase (the continuous 
phase), and droplets are sheared off at the junction where the two phases meet91. On the other hand, 
double emulsions are typically generated in a two-step process by first forming the inner droplets, 
which are further encapsulated in a second emulsification step91. Regarding the solvent polarity and 
microfluidic system wettability, two-stage microfluidic devices have been widely used in generating 
either Oil/Water/Oil92 or Water/Oil/Water93 double emulsions. Polymerization reaction in droplets 94 or 
at interfaces combined with the ability of microfluidic systems to manipulate nanoliter volumes of 
liquid, and control mixing and reaction precisely have led to the synthesis of polymer particles95. 
Photopolymerization offers a flexible approach to form particles in microfluidic systems. Two key 
reagents, monomers and activators, are mixed inside droplets and are exposed to near ultra violet light 
to promote the curing and initiate the formation of the final polymer particle shape96. Combination of 
photopolimerization and multiple laminar co-flowing liquids enable the formation of Janus nanoparticle 
and complex structures. For instance, the manipulation of  microfluids with a stop flow approach 
enabled the formation of polymer nanoparticles with a controlled shape and functionality97. Other 
microfluidic techniques for producing polymer particles without the addition of activators, which 
sometimes are not proper for the further applications, are based on the precipitation. These methods 
are based on solvent removal and the addition of an antisolvent.  The main limitation of these 
techniques is finding a suitable solute–solvent system which fulfills the evaporation and solubility 
requirements2. PLGA–PEG copolymer nanoparticles have been obtained by flow focusing, using 
acetonitrile and water solutions as solvent and antisolvents, respectively98. 
 
 

Synthesis of nanoparticles by laser pyrolysis 
 
Laser pyrolysis as a synthesizing method has been applied to the fabrication of a large variety of 
compositions (Figure 15.4). The literature reports the possibility to produce a broad spectrum of 
materials including carbides (SiC, TiC), nitrides (Si3N4, BN, FeN…), oxides (TiO2, ZnO, Fe2O3) or 
composites powders (Si/C/N, Li/Mn/O, Fe/C/N…) but also single-element nanostructures such as 
carbons (Fullerenes, diamonds, and carbon black), metallic iron or silicon. This section briefly presents 
the capabilities of laser pyrolysis processing and outlines the level of control to design functional 
nanomaterials. The first part overviews multiple examples related with the synthesis of metal oxides 
and the second part focuses on single-element nanoparticles. 
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FIGURE 15.4  
Scope of the laser pyrolysis technique regarding to the large variety of materials compositions that can be 
produced and the ratio expressed in fraction of 100 
 
Laser pyrolysis applied to the synthesis of metal oxides 
 
Iron oxides. The fabrication and characterization of nanosized magnetic particles are the subject of 
intense research motivated not only by their interesting properties, quite different from those of the 
corresponding bulk materials, but also from the point of view of their promising technological and/or 
biomedical applications, such as magnetic recording media, ferrofluids and soft magnetic materials 99. 
Below a critical size, magnetic particles become single domain in contrast with the usual multidomain 
structure of the bulk magnetic materials and exhibit unique phenomena such as superparamagnetism 
100 and quantum tunneling of the magnetization 101 102. Fe and O form a number of phases, e. g. FeO 
(wustite); Fe3O4 (magnetite), -Fe2O3 (hematite), -Fe2O3 (maghemite), and -Fe2O3 103. The latter two 
phases are synthetic while remaining oxides occur in nature. The Fe-O phase diagram shows the 
predominance of the Fe2O3 stoichiometry for most temperature and pressure preparation conditions 
104. 
 
The continuous production and structural characterization of iron oxide nanoparticles, mainly -Fe2O3 
phase, has been extensively reported since the application of laser pyrolysis in the thermal 
decomposition of metal carbonyl organometallic complexes 31. Iron pentacarbonyl in particular exhibits 
attractive properties for conventional 105 and laser chemical vapor deposition CVD processes 106, i. e., 
sufficiently high vapor pressure and low activation energy for breaking the metal-CO bonds 31. Previous 
reports 31, 107 indicate that, in the case of Fe(CO)5 gas-phase decomposition, the rate-determining 
process is the first decarbonylation of the thermally excited Fe(CO)5 into Fe(CO)4 and CO; it has been 
observed 35 that further decarbonylation from Fe(CO)5-m (m= 1-4) to Fe(CO)4-m and CO proceeds rapidly 
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due to the weaker remaining bonds. The final products of the fast decarbonylation should be iron and 
carbon monoxide, but the decomposition yield will obviously depend on the reaction temperature, 
which in turn is determined by the irradiation parameters and the absorbance capacity of the reactants 
gases. In contrast, the negligible radiation absorption by the metal donor gas precursors (Fe(CO)5) 
requires the addition of a reaction sensitizer, an energy transfer gas, which can either react or 
interfere, thus altering the expected reaction path. Due to their strong absorbance at 10.6 microns 
ethylene (C2H4) and sulfur hexafluoride (SF6) are the most common sensitizers employed 108. However, 
the absolute absorbance of SF6 is much greater than that of ethylene in this range. 
 
The absorptive capacities of the precursors is largely related to the sensitizer nature that in most cases 
determines the productivity rates, the chemical composition of the products obtained and also the 
particle morphology 108, 109 . Due to the higher temperatures involved when SF6 is used as sensitizer, the 
nanopowder yield increases while a lower productivity is reached with C2H4 as sensitizer 108. However, 
mainly because of the higher absorption cross-section of SF6 at about 950 cm-1 relative to C2H4, it is 
found that when using a high SF6 flow rate, which leads to relatively high temperature in the reaction 
zone, F was present in the product nanoparticles, most likely as iron fluoride compounds 110. 
Extraordinarily pure particles of -Fe2O3 smaller than 5 nm with different degree of crystallinity were 
synthesized from a nebulized isopropanol solution of Fe(CO)5 in the presence of air 111-113. However, the 
process provided low throughput, mainly because the energy coupling of the laser to the reactant 
mixture was achieved through a proper matching between the laser wavelength (10.60±0.05 µm) and 
the isopropanol band at 10.50±0.08 µm. Following this investigation, with the propose of increasing the 
reaction yield, Marteli et al. injected in the reactor chamber a mixture containing Fe(CO)5/NO2, using 
SF6 as sensitizer 114. N2O was used as an oxygen donor to obtain more reactive atomic oxygen instead of 
O2 molecules and to favour iron oxidation. Depending on the experimental conditions they produced 
different iron-oxide phases. However, due to the high temperature reached in order to increase the 
reaction yield, the synthesis process led to the preferential formation of iron fluoride compounds. 
 
The effect of process conditions on the structural and magnetic properties of maghemite nanoparticles 
produced by laser pyrolysis have been studied by Veintemillas-Verdaguer and co-workers 115. They 
reported that the particle size depends on the oxygen content of the gas phase and is independent of 
the laser power 115. One of the main problems of ultrasmall iron oxide nanoparticles is related to 
surface disorder113, 116, 117, which has a direct impact on the particle’s properties (i.e., the magnetic 
properties). In order to overcome this issue, Veintemillas-Verdaguer’s group 118 has optimized a 
chemical protocol consisting of an acid treatment to improve the colloidal and magnetic properties of 
ultrasmall iron oxide nanoparticles prepared by laser pyrolysis via a reduction of the surface disorder. 
After acid treatment, the obtained particles presented smaller sizes, larger surface charge densities, 
and better colloid stability, which represent an enhancement in the colloidal properties and 
additionally, an enhancement of the saturation magnetization by 40 % with respect to that of the as-
prepared sample. Morever, the exchange anisotropy field was significantly diminished, providing 
evidence of a reduction of the surface disorder. 
 
Laser pyrolysis technology seems to be a good alternative for the production of magnetic NPs to be 
applied for Magnetic Resonance Imaging (MRI) as contrast agents with the advantage of being a 
continuous synthesis method. Biocompatible magnetic dispersions have been prepared from -Fe2O3 
nanoparticles (5nm) synthesized by continuous laser pyrolysis of Fe(CO)5 vapors 119-121. Particles were 
collected directly from vapor phase onto filters. This allowed higher purity in the product. However, 
post treatment efforts are required to obtain dispersed nanoparticles into a liquid. The magnetic solid 
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was dispersed in a strong alkaline solution in the presence of dextran. The feasibility of these 
dispersions to be used as magnetic resonance imaging (MRI) contrast agents has been analyzed in 
terms of chemical structure, magnetic properties, 1H NMR relaxation times and biokinetic. Magnetic 
and relaxometric properties of the dispersions were of the same order of magnitude than those for 
commercial contrast agents produced by wet chemical methods. However, these dispersions injected 
intravenously in rats at standard doses showed a monoexponential blood clearance instead of a 
biexponential one, with a blood half-life of 771 min. Furthermore, an important enhancement of the 
image contrast was observed after the injection mainly located at the liver and the spleen of the rat. 
Recently, Marcu et al. have applied the laser pyrolysis-prepared iron oxide nanoparticles to 
investigated their cellular uptake and VB1 delivery to breast adenocarcinoma tumor cells 122. They 
produced 8-10 nm magnetic nanoparticles from the pyrolysis of Fe(CO)5/C2H4 and air mixtures and 
compared them with commercial pure iron oxide nanoparticles of 20 nm. The laser pyrolysis-produced 
nanoparticles were better internalized in the cytoplasm of MCF-7 tumor cells. They showed a lower 
action on cell adhesion/proliferation than the commercials ones, which is a convenient behavior for the 
use of NPs as drug delivery systems. 
 
While the focus of this technique has been to reduce the primary particle size to below 30 nm, the 
problem of aggregation of nanopowders (Figure 15.5a) has not been adequately addressed 115. Only 
few works oriented to improvement the particles dispersion are reported110, 123. The idea is to 
overcome the aggregation issue by collecting the iron-based nanoparticles directly into a solvent as an 
alternative to the standard collection systems previously used in laser pyrolysis systems 108. Popovici et 
al. 123 achieved a selective particle collection mainly by the trapping of large particle aggregates into 
toluene prior to the collection filter. Nevertheless, most of the particles still remained as aggregates 
above 1µm in size. He et al. 110 reported better results in term of narrower size distributions. They 
obtained iron-based nanoparticles with 2–10 nm sizes containing -Fe and Fe3O4 phases directly 
collected into toluene solution containing stabilizing ligands. However, their particles showed a certain 
tendency to agglomeration and interparticle coalescence. 
Martinez et al. 38, 39 recently addressed the main bottleneck in the synthesis of magnetic nanoparticles 
by laser pyrolysis. In order to circumvent the problem of agglomeration, the authors claim that not only 
is necessary to collected the nanoparticles into a liquid but also it is required the use of an appropriate 
solvent. They selected triethyleneglycol (TREG) due to its capacity as a capping agent and because has 
some key properties that hinders the aggregation of the particles. This strategy rendered a stable 
colloid suspension of well-dispersed ultrasmall iron oxide nanoparticles (< 3 nm) in a water-compatible 
solvent (Figure 15.5b). Therefore, this collection method constitutes a superior alternative not only 
regarding conventional filter-based collection, but also with respect to previous liquid collection results 
based on toluene or dextran. The efficiency of this collection approach based on the use of polyols can 
be explained in terms of the dynamics of the NPs formed in the reaction zone and entrained as part of 
the main gas stream. Using conventional dry collection filters, inter-particle collision of entrained NPs is 
favored by the nature of the filtration mechanism. In contrast, in the liquid collection system,  a small 
fraction of NPs present in a gas bubble are collected over the bubble gas – liquid interphase and the 
likelihood of collisions with existing particles is prevented. Afterwards, the NPs are entrapped within 
the partially viscous liquid solvent through a hydrophilic coating that is able to stabilize them. 
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FIGURE 15.5  
Magnetic nanoparticles of iron oxide prepared by laser pyrolysis and average particles size: (a) collected in a filter, 
(b) collected in liquid medium. 
 
Titanium oxides. Titanium dioxide (TiO2) is one of the most prominent oxide materials for industrial 
applications related to catalysis such as the selective reduction NOx in stationary sources 124, 125, the 
photocatalytic degradation of organic pollutants 126 or organic synthesis processes127. It is used as white 
pigment in painting, as part of photovoltaic devices 128 or electrochromic devices 129, sensors , as a food 
additive 130, in cosmetics 131 and as a potential tool in cancer treatment 132. In TiO2 materials, the so-
called “quantum confinement” or “quantum size effect” is restricted to very low sizes, below 10 nm, 
due to their rather low exciton Bohr radii. A significant part of the potential novel chemical or physical 
applications needs to be carefully explored in the range of few nanometers133, 134. TiO2 occurs in the 
nature in three different polymorphs which, in order of abundance are rutile, anatase and brookite. As 
an extended (bulk) system, rutile is the thermodynamic stable phase. When primary particle size is 
scaled down, a thermodynamic analysis of phase stability indices that surface free energy and stress 
contributions stabilize anatase below a certain size close to 15 nm 135 136. 
 
Since 1987, laser pyrolysis technique has been used to synthesize TiO2 nanoparticles 137. Organic tetra-
alkoxides titanium compounds 137, 138 such as titanium isopropoxide, butoxide or ethoxide are mainly 
employed as the Ti source, among them, titanium isopropoxide is the most widely used due to its 
higher volatility 139. Ethylene and SF6 have the role of reaction sensitizers for the absorption of the CO2 
laser irradiation wavelength. However, several advantages have been verified using SF6 as sensitizer, 
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due to its about 20 times higher absorption coefficient for the P(20) laser line 139. Early laser-induced 
processes were studied and developed for the synthesis either of pure TiO2 powders, for use as a 
catalytic supports 138, 140-145  or directly as catalysts for example in the selective reduction of nitrogen 
oxides with ammonia 139. In most of these works a post-calcination treatment was necessary to 
eliminate carbon contamination of nanopowders. In order to overcome this problem, Alexandrescu and 
co-workers reported for the first time the used of TiCl4 as a precursor for the synthesis of titania by 
laser pyrolysis 146. In the flow gas mixtures, oxidizers (like NO2 and air) and sensitizers (C2H4) were also 
used. The results indicated the simultaneous presence of anatase and rutile phases, with prevalent 
anatase formation and suggested that the processing conditions have a strong influence on the 
structural properties of the material and in the anatase/rutile composition ratios 147. This group also 
correlated the dependence of some major process variables, such as, the laser power and the oxidizer 
precursor flow with the obtained nanostructures 148. Similar crystallographic features were found for 
the samples obtained at increasing laser power intensities. Likewise, crystallinity enhancement as well 
as a larger rutile fraction was also observed at a moderate increase in the flow rate of the oxidizing 
agent149.  
 
The new tendency in this field is oriented to the synthesis of dopped TiO2 nanoparticles, for example 
iron 150 or carbon doped among others 151. In addition, important research efforts have also been paid 
the synthesis of nitrogen-doped titanium dioxide 147, 152, 153. Currently, this is an especially active field 
since the study of Asahi demonstrating, the appearance of a second optical threshold attributed to a 
TiO2-xNx structure and correlated to an enhanced photocatalytic activity 154-156. N. Herlin-Boime et al. 
are pioneers in this field. They synthesized TiOxNy by laser pyrolysis of titanium isopropoxide and NH3 
mixtures; ammonia was used as sensitizer and as nitrogen source 147. To remove the C atoms, after the 
synthesis the samples were submitted to soft thermal treatment in air. They correlated the changes in 
electronic structure (N doped or pure TiO2) with the evolution of UV absorption properties. Recently, 
they have investigated the use of nitrogen-doped TiO2 electrode based on nanocrystals synthesized by 
laser pyrolysis for solid-state dye-sensitizer solar cells 157. They demonstrated laser pyrolysis technology 
benefits from the synthesis of this material given its versatility for straightforward doping procedures. 
The influence of nitrogen doping was found to be beneficial on device performance, with a significant 
improvement of photocurrent compared to the pure TiO2 device.  
 
Oxides systems containing Al, W, and Cr. Due to the nanometric size of the constituent particles in the 
laser pyrolysis synthesized powders, this technique has also been tested on the synthesis of large 
variety of different oxides systems, such as Al2O3, WO3 or Cr2O3.  
Regarding the Al-O system, attention is mainly focused on the Al2O3 stoichiometry due to its 
importance as a catalyst component or absorbent and ceramic material in a multiple of industrial 
process. 158, 159. There are seven Al2O3 polymorphs, although only four called , ,  and  are typically 
involved in most of the industrial processes. The -Al2O3 is the nanostructures phase commonly 
obtained by most synthetic methods but also the -Al2O3 polymorph is synthesized having high surface 
area. The -Al2O3 structure is the bulk thermodynamically stable phase but -Al2O3 has a lower surface 
energy and becomes energetically stable at size bellow a point close to 10 nm 160. Trimethylaluminium 
(TMA) is commonly used as a precursor in this method and NO2 as oxygen donor. Ethylene is usually 
used as sensitizer to initiate and sustain the reaction due to the negligible radiation absorption of both 
components at the emission wavelength of the CO2 laser. However, in the earlier attempts to produce 
Al2O3 nanopowders low production of Al2O3 was accompanied by a huge amount of free carbon 
formation 161. Further efforts 150 made to increase the powder productivity also showed that any 
variation in the process parameters influence nor only the yields, but also the chemical composition of 
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the resulting powers, drastically changing their properties. Depending on the relative concentration of 
the precursors, the laser-induced reactions led either to a particle nitriding of the alumina-based 
powder or to the formation of aluminium oxycarbide 162. 
 
Tungsten trioxide (WO3) is known as a ‘smart material’, because it exhibits excellent electrochromic, 
photochromic and gasochromic properties. Nano-sized tungsten trioxide has been applied in many 
nano-photonic devices for applications such as photo-electro-chromic windows 163, sensor devices 164 
and optical modulation devices 165. Laser pyrolysis has been used for synthesizing nano-sized tungsten 
trioxide 166, 167. Recently, it has been reported by Govender et al. 168 the production of multi-phase WO3 
and WO3-x (where x could vary between 0.1 and 0.3) nanostructures at varying laser wavelengths (9.22-
10.82 mm) and power densities (17-110 W/cm2). Tungsten ethoxide W(OC2H5)6 was used as starting 
precursor and acetylene (C2H2) as sensitizer gas. Nanosized chromium (III) oxides powders have also 
been synthesized by laser-induced pyrolysis of chromyl chloride vapour. Kern and co-workers 
determined the optimal reaction conditions 169 and tested the powders as catalysts in technical 
processes, especially in the dehydration of isobutane to isobutene. They found that using argon as 
carrier gas, chromyl chloride was transformed into chromium (III) oxide with a good conversion rate 
and particle diameters of about 200 nm. Later on, Schramm’s group 170 investigated the influence of 
the reaction parameters, for example, the pressure in the reaction chamber, on the mean particle 
diameter of the chromium (III) oxide powders and tried to get quantitative results. Small particles were 
obtained with lower pressure in the reaction chamber and a carrier gas with high thermal conductivity. 
 
Laser Pyrolysis applied to the synthesis of single-element nanoparticles 
 
Formation of single-element ultrafine particles has been also achieved by laser pyrolysis, being in most 
cases silicon or iron nanoparticles the mainly material produced. Only few works on laser pyrolysis 
synthesis referred to different metals nanoparticles have been reported. Swihart and co-workers 171 in 
situ synthesized superparamagnetic Ni (0) nanoparticles from Ni(CO)4 . 
In this section we refer the discussion to the laser pyrolysis process applied to the synthesis of silicon 
and carbon-based nanoparticles.  
 
Silicon nanoparticles. Si and Si-based nanoparticles were the first to be produced by laser pyrolysis and 
probably the most widely investigated for two main reasons: (i) silane gas, a common precursor for Si 
radical formation, has a very high absorption capabilities for the emission line of an untuned, 
multimodal CO2 laser (at 10.6 μm); (ii) the enormous importance of the photoluminescence properties 
172 of Si and Si-based nanoparticles for a multitude of applications173-176. From the many possibilities to 
dissociate the precursor molecules, CO2-laser-induced decomposition of SiH4 in a gas flow reactor has 
been shown to be particularly useful for the production of ultraclean silicon particles in the nanometer 
size range as first shown more than 20 years ago 29. It produces highly pure particles with controlled 
primary particle size and size distribution. Moreover, it is a continuous process that permits reasonable 
production rates. Several groups have synthesized silicon particles following similar approaches but 
without obtaining bright nanoparticles177, 178. As an exception to this trend, the work of Huisken and 
coworkers 179, reported the use of pulsed CO2 laser pyrolysis of silane to obtain luminescent particles 
with low production yields. They also studied the effect of aging in air and surface etching with HF on 
the photoluminescence spectrum 172, 179-183 and concluded that efficient photoluminescence (PL) could 
be obtained for silicon nanoparticles smaller than 5 nm, with “properly passivated” surface to minimize 
the number of non-radiative recombination sites 172. 
 



Manufacturing Nanostructures  439 

A significant contribution in this field was provided by Swihart and co-workers 34. They produced 
macroscopic quantities (up to a few hundred milligrams in a few hours) of Si nanoparticles with an 
average diameter of about 5 nm and bright visible photoluminescence, using SiH4 as silicon precursor 
and SF6 as sensitizer. Availability of high quantities of particles allowed them the study of their surface 
functionalization 184. However, this work offered a major disadvantage. Chemical etching with HF-HNO3 
was necessary in order to get particles smaller than 10 nm from the raw pyrolytic powders. Modeling 
of the synthesis of silicon nanoparticles by laser pyrolysisi were carried out by P.E. Nunccio and S. 
Martelli 185. A sectional coagulation model was used to predict the evolution of the silicon 
nanoparticles in terms of both average particle size and average crystallite size. Recently, research in 
this field is focused in novel application of the laser-synthesized silicon nanoparticles. Reynaud’s group 
186, 187 applied the silicon nanopartiles produced by laser pyrolysis in photovoltaic solar cells or as 
biomarkers173, 174, 176. However, it should be emphasized the contribution of Swihart’s group in the field 
of nanomedicine. They prepared Si nanocrystals following well-established laser pyrolysis procedures 
34, 184 and studied their biological application. The biocompatible silicon nanocrystals obtained 173 were 
applied for multimode imaging in vivo Targeted Cancer Imaging 174. 
 
Carbonaceous nanomaterials. Carbon-based nanomaterials has become of great interest lately, due to 
the great versatility of carbon as an element and the several ways in which it may combine, acquiring 
unique specific properties and becoming an interesting material for multiple applications. 
Carbonaceous materials exist in a wide variety of forms including carbon, graphite, diamond, highly 
oriented pyrolytic graphite (HOPG), fibers, carbon foam, and carbon nanotubes (CNTs). Through the 
variation of gas composition and experimental parameters, the method of laser-induced pyrolysis 
allows the generation of carbonaceous nanostructures with different morphologies, such as, fullerene, 
nanoparticles with controllable structure or carbon nanotubes, providing useful functional properties.  
In this context, the first detection of fullerene was obtained by Ebreeht et al. in 1993, with the laser 
pyrolysis of acetylene-sulfur hexafluoride mixtures using in situ diagnostic with a time-of-flight mass 
spectrometer 188. After that, significant amounts of fullerenes were produced, isolated and 
characterized by Voicu et al. in 1996 189. As early effort, is necessary to mention the work of Bi et al. 190 
which used CO2 laser pyrolysis of benzene-iron pentacarbonyl- ethylene mixture for carbon blacks 
production. Later works in this area were driven mainly by Cauchetier and co-workers 191. They 
produced fullerenes and soot carbon by laser pyrolysis of ethylene/acetylene mixtures 192 or bencene 
189 and also studied the effect of SF6 addition in the laser synthesis of fullerene and soot from C6H6/O2 
or C6H6/N2O sensitized mixtures 193. The C/O atomic ratio in the precursor mixture was shown to 
influence strongly the fullerene yield. The highest yields were obtained for a C/O ratio close to 1.2, as in 
combustion experiments.  
 
Residence time in the flame is a sensitive parameter which could lead to appreciable variations of 
higher fullerenes yield (beyond C70) 194, as consequence, the time required for fullerene formation, it 
could be modulated experimentally to increase the fullerene yield and particularly higher fullerenes. 
191. Tenegal et al. synthesized fullerens by laser driven-gas phase pyrolysis from butadiene-based 
mixtures and demonstrated that the lowest residence times were more favourable to C60 and C70 
formation as suggested in the benzene-based system. Low pressures were also found to favour the C60 
and C70 formation in agreement with thermodynamic predictions. Laser pyrolysis also allowed the 
direct synthesis of carbon based nanoparticles with various and controllable structures: amorphous 195, 
turbostratic 33, 195, 196, or those which contain long packed graphene ribbons randomly 197 or 
concentrically oriented (forming a shell) 198. Recently, Fleaca el al. 199 reported Fe-inserted and shell-
shaped carbon nanoestructures which might be useful in applications such as MRI applications, drug 
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delivery or catalysts. The laser beam decomposed (via C2H4 sensitizer) the Fe(CO)5 as Fe clusters which 
absorbed themselves the laser radiation. They triggered the fast carbon particles formation by 
exothermic dehydrogenation/polymerization of the surrounded C2H2 molecules. This combination 
between Fe clusters and C2H2 generated nanoparticles with unusual structure. Depending on the gas 
pressure in the reaction chamber were obtained; particles with a defective structure, a shell-shape 
structure, other with a turbostratic arrangement, and few containing one or several smaller (3–20 nm) 
Fe nanoparticles trapped inside. 
 
Laser pyrolysis technique has also been applied to the synthesis of carbon nanotubes. Remarkable 
work in this field has been carried out by R Alexandrescu et al 33, 200, 201. They reported on the synthesis 
of carbon nanotubes by laser-assisted technology. Hence, sensitized mixtures of iron pentacarbonyl 
vapour and acetylene were pyrolyzed in a flow reactor directed onto a silicon substrate. The method 
involved the heating of both the gas phase and the substrate by IR radiation. The carbon nanotubes 
were formed via the catalyzing action of the fine iron particles produced in the same experiment by the 
decomposition of the organometallic precursor molecules. They also used nano-iron cores embedded 
in carbon layers synthesized by laser pyrolysis for the growth of carbon nanofibres 201. The flexibility of 
the laser pyrolysis technique has also made possible to synthesize nanocomposites, such as, core-shell 
nanoparticles with iron core embedded in carboxilosane polymer 202. Alexandrescu and co-workers 
applied successfully these nanocomposites to vertically grow aligned CNTs on Si (100) substrates using 
iron–carboxysiloxane polymer nanoparticles as catalyst and a hot filament plasma-enhanced chemical 
vapor deposition method203, 204.  
 
 

Conclusions 
 
The high area/volume ratios and the significantly reduced diffusion distance in microfluidic devices are 
the most commonly known advantages that are attractive enough to persuade nanomaterial producers 
to adapt their synthesis protocols at a microfluidic scale. Continuous flow reactors based on 
microfluidics constitute an upcoming technology of highest potential for liquid phase synthesis of 
nanomaterials since it has been proposed to overcome the inherent drawbacks which batch synthesis 
reactor suffers from. Microreactor technology has the capacity to transform current batch 
nanoproduction approaches into continuous processes with rapid, uniform mixing and precise 
temperature control.  It is expected that new advances in microfluidic reactor using the scale-up and 
scale-out concepts, can clearly give rise to nanoproduction under a high throughput in order to surpass 
conventional methods. These facts will enable to better control the properties of nanomaterials, and 
therefore their quality. 
 
The laser pyrolysis method for the synthesis of nanoparticles has proven to be a flexible and versatile 
technique which permits finely tune nanoparticles composition, morphologies and properties for a 
variety of applications in challenging research fields and competitive industrial sectors. Recently, 
applications in the field of functional nanomaterials for optoelectronics, photonics and bio-imaging 
have been started. Actual plans include feasibility studies for new challenging applications, such as, the 
development of highly uniform doped and pure nanoparticles of complex compositions containing 
zero-valence metals, to develop and commercialize a range of products for applications in critical 
sectors like energy generation and saving. Increasing attention will be paid to initiatives aimed at 
applications in field with environmental/health requirements. 
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