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Abstract Precious metals including Au, Pd, Pt, Ag and Pd and other metals such
as Fe, Co, Mg and Ni as solid powder, dispersion in solution and deposition as
thin films have attained wide interest in the last decades. They have induced intense
research interest in nanotechnology due to their exciting properties including good
conductivity, magnetic recording, localized surface plasmon resonance, antibacterial
and catalytic effects [1, 2]. This chapter will introduce several main synthesis and
characterization methods of metallic nanoparticles (NPs). The unique feature, key
parameters and especially advantages and disadvantages of top-down (i.e. physical
vapour deposition, bill milling and lithography) and bottom-up (e.g. chemical vapour
deposition, sol—gel, hydrothermal/solvothermal, etc.) methodologies are discussed
to trigger advances in nanotechnology advancement. Alternative green synthesis
approaches are also included in this chapter. Furthermore, the basic characteriza-
tion techniques for metallic NPs are pointed out for improving synthesis strategies,
deciphering the topography evolution and comprehending the potential applications.
Finally, emphasis has been placed on some main properties of metallic NPs for the
potential of a wide range of applications.

Keywords Metallic nanoparticles + Physicochemical characterization -
Nanoparticle synthesis * Properties of metallic nanoparticles

K. Thummavichai
Department of Mathematics, Physics and Electrical Engineering, Northumbria University,
Newcastle Upon Tyne, UK

Y. Chen - Y. Q. Zhu
College of Engineering, Mathematics and Physical Sciences, University of Exeter, Exeter, UK

N. N. Wang

Guangxi Institute Fullerene Technology (GIFT), Laboratory of New Processing Technology for
Nonferrous Metals and Materials, Ministry of Education, School of Resources, Environment and
Materials, Guangxi University, Nanning, China

0. Ola (X)

Advanced Materials Research Group, Faculty of Engineering, The University of Nottingham,
University Park, Nottingham, UK

e-mail: Oluwafunmilola.Olal @nottingham.ac.uk

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 161
S. K. Tiwari et al. (eds.), Nanoparticles Reinforced Metal Nanocomposites,
https://doi.org/10.1007/978-981-19-9729-7_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-9729-7_6&domain=pdf
mailto:Oluwafunmilola.Ola1@nottingham.ac.uk
https://doi.org/10.1007/978-981-19-9729-7_6

162 K. Thummavichai et al.

1 Introduction

Nanoparticles (NPs) have attracted research interests for over a century and are
strongly believed to be the key to future technology due to their large proportion of
high-energy nanosized surface atoms compared to bulk materials, which gives rise to
outstanding chemical, magnetic, physical, mechanical, catalytic and optical proper-
ties. NPs have emerged as an amazing class of materials which is defined within the
dimensional range of ~1-100 nm. Depending on the overall shape, these materials
can be zero-, one-, two- or three-dimensional. For decades, researchers have been
paying more and more attention to different metal NPs such as Au, Ag, Pt, Pd, Fe, Co,
Mg and Ni, focussing on their synthesis method, characterisations and applications
in energy, magnetic imaging, drug delivery, information technology and optoelec-
tronics. Numerous synthesis methods are being established to either enhance the
properties or reduce production costs. Furthermore, synthetic techniques and fabri-
cation tools have been continuously studied to permit the production of reproducible
nanostructures. It is worth noting that various parameters should also be monitored
when NPs are stored due to the changes with time in various environments. Compared
to bulk materials, it is sometimes incomplete and inherently difficult to properly
analyse the nanomaterials due to the small size and low quantity (i.e. laboratory-
scale production). Moreover, the arrangement of particles or atoms in nanostruc-
tures brings forth unusual, sometimes exotic forms (e.g. core—shell NPs, fullerenes,
nanostructured metals, dendrites, etc.). The NPs characterization is understudied
and therefore demands reproducing and validating both theoretical and experimental
findings for better scientific understanding, which will benefit the development of
new technologies and address important issues, e.g. product lifetimes, etc. Hence,
it is important to update new development in the synthesis and characterization of
nanomaterials, especially the analysis of their structures, which is believed essential
for further progress in nanotechnology. Here in, we explore the nature and causes of
a few main NPs synthesis methods and their analytical encounters.

2 Method in Metallic Nanoparticles Synthesis

A wide range of methods have been introduced to produce metal nanoparticles
which are categorized into two main types as top-down and bottom-up approaches
depending on the starting materials. Hence, bulk materials are usually used as starting
materials for the top-down approach while atoms or molecules are typically used for
the bottom-up process (Fig. 1). Ball milling, physical vapour deposition (PVD) and
lithography are typical top-down methods, while laser pyrolysis, chemical vapour
deposition, hydrothermal, sol-gel and electrodeposition are classic methods for the
bottom-up approach. However, these all-synthesis techniques are toxic, resulting
in environmental contamination; thus, biological methods as an alternative green
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Fig.1 Summary of metallic nanoparticle synthesis process from both top-down and bottom-up
approaches

synthesis were found to be less toxic and environmental friendly. Different prepa-
ration methods of metallic NPs create various single or multiple metal (alloy) with
different sizes, shapes and structures because of the variation of the parameters during
the synthesis process (e.g. stabilizing agent for metallic NPs during the adsorption
process, etc.).

2.1 Top-Down Methods

2.1.1 Mechanical Ball Milling

In this method, bulk material which is usually in the micro-dimensions is grounded
down to the nanoscale by applying strong mechanical shear forces. Four types of attri-
tion devices are generally used, namely vibration mills, planetary ball mill, tumbler
ball milling and attrition mill (as shown in Fig. 2).

Among all top-down methods, ball milling has been widely used for the synthesis
of various alloy nanoparticles and composites such as Al, Co, Mg, Ti, Cu and Fe
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[4-8]. By using this technique, the nanostructures are fabricated by mechanical attri-
tion, where kinetic energy from grinding balls is used to reduce the size of material
[9]. Milling conditions including the size of the milling vial, type of mills (low- or
high-energy), milling speed, shape of milling media (balls or rods), milling atmo-
sphere (e.g. inert gas or hydrogen), ball-to-powder weight ratio, milling time, milling
environment (dry or wet milling) and milling temperature have a direct effect on
properties, stoichiometry, particle size distribution and degree of disorder or amor-
phization of the final products. A more comprehensive control and monitoring of the
milling conditions are suggested to improve the quality of the products.

The raw material’s temperature influences the defect concentration and diffu-
sivity inside it, which also influences the phase transformations during milling [10].
Meanwhile, processing time is also a significant factor for this technique. Based on
the literature, an increase in time of milling process improves the microhardness of
as-prepared materials [11]. Generally, the rate of the internal structure refinement
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(e.g. crystallite size, particle size, lamellar spacing, etc.) is roughly logarithmic with
processing time and thus the size of the starting materials is relatively unimportant.
The lamellar spacing usually becomes small, and the grain size is refined to nanoscale
within a few minutes to an hour (Fig. 1); therefore, the milled powders will exhibit
increased lattice strain while decreased grain size, hence the resulting milled powders
will be in a highly energetic condition [3].

Advantages: Ball milling is well known as a simple, low-production-cost and
sustainable technique, and it also possesses the capability to achieve very high
yields. The nanoparticle’s size ranging from 2 to 20 nm can be achieved through
the different speeds of the rotation of the balls. This technique is one of the most
reliable, easy-operation and reproducible process because of the speed and energy
controls; moreover, it is suitable in both dry and wet conditions for a wide range of
materials [4, 7, 12].

Disadvantages: Key serious issue with the milling of fine powders is the possibility
of significant contamination from the milling atmosphere or media [4, 7, 9]. Iron
contamination can be a problem for steel balls and containers. It has been reported
that 10 atomic percentage of the iron contamination in some refractory metallic
powders have been found by extended milling times in a high-energy shaker mill.
On the other hand, if milling is carried out in open atmosphere, contamination with
nitrogen or oxygen can occur. However, optimized milling speed and milling time
may effectively help to minimize the contamination issue.

2.1.2 Nanolithography

Nanolithography is one of the most accurate and classic methods for the synthesis
of nanoparticle pattern, and it provides high-resolution structures over large areas
(>1 cm?) with good control of all the dimensions (length, width, height) and other
features such as roughness, edge shape and inter-diffusion of the as-prepared mate-
rials [13]. This technique is widely used in integrated circuits manufacturing and
nanoelectromechanical systems [14]. Lithography can be categorized into 2 main
types including masked and maskless lithographies. Masked Lithography utilizes
the mask or template to transfer pattern over the large area. The form of mask lithog-
raphy includes soft lithography, nanoimprint lithography, [15] X-ray lithography
and photolithography. On the other hand, maskless lithography technique (including
electron beam lithography, Scanning Probe Lithography, etc.) fabricates subjective
patterns by a series writing without the use of the mask. In general, the masked
lithography has better controllability compared to maskless lithography. Masked
lithography is commonly used to prepare nanomaterials that are highly dependent
on the specific shape and size of the selected template. The principle of a few different
types of lithography is presented in Fig. 3.

Additionally, mask can be classified into 2 types, soft mark and hard mask. Surfac-
tant molecules (e.g. CTAB, TEOS, etc.) are usually used as a soft mask, while poly-
meric materials (e.g. PDMS PMMA, PS, PFPE and other elastomeric material) are
usually used as hard mask [17]. In general, the lithography technique is a three-step
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Fig. 3 Different type of mask and maskless lithography technique [16]

process: (1) preparation of a colloidal crystal mask made of nanospheres; (2) depo-
sition of the desired product through the mask; and (3) etching of the mask from the
layer.

Sub-10 nm Mo gratings have been successfully prepared by using photolithog-
raphy [18]. However, the photolithography demands the use of a stepper, which is too
expensive to be afforded by a standard research laboratory. Dot arrays can either be
achieved using four-beam interference lithography or achromatic Talbot lithography
(i.e. high-resolution photolithography) [19, 20]. E-beam lithography can produce
features as small as 20 nm of Au NPs, [21] butis very expensive and time-consuming.
Hence, it would be reasonable to use photolithography for 5 min while using e-beam
lithography for approximately another 5 h to complete a lithographic process. Pros
and cons of each lithography techniques are outlined in Table 1.

2.1.3 Physical Vapour Deposition (PVD)

PVD involves either high-temperature evaporation or ions bombardment of solid
form materials in vacuum atmosphere; meanwhile, the reactive gas is also introduced
into the system to form a compound with metal vapour and then deposited onto the
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substrate as a highly adherent thin film or NPs [26]. PVD can be separated into
different types such as electron beam evaporation deposition (EBD), Ion plating
(IP), thermal evaporation deposition (TED), pulsed laser deposition (PLD), atomic
layer deposition (ALD), cathode arc deposition (CAD), dynamic ion mixing (DIM),
electrophoretic deposition and sputtering technique. The type of evaporation source
and deposition substrate is the essential parameter that affect the deposition quality
and efficiency. The evolution of size, sharpness and phase of the product also depends
on the gas pressure and deposition temperature in the deposition chamber [27].
Typically, this process takes place at the temperature in the range of 100-600 °C and
is widely used for fabrication of inorganic thin films (thickness less than 5 wm). PVD
coating can be used in a broad range of applications in automotive, aerospace, optical,
medical, thin films (e.g. food packaging, Window tint, etc.) and textile industry.

Among all PVD techniques, PLD is carried out at low substrate temperatures
with a stoichiometry of the target retained in the evaporated films; hence, it is often
used for the thin film electrolytes deposition [28]. Two advantages of PLD are the
simplicity in process design and the multi-choice of the target forms (e.g. sintered
pellet, powder, single crystal, etc.). For the EBD technique, both the conductor and
insulator can be used as a target. Meanwhile, EBD of organic materials is limited by
the decomposition of the molecules. In general, a vacuum environment of 1072 —
10~ Pa, with deposition rates of at least 25 jLm/min, is typical condition required for
EBD [29]. Moreover, components are commonly preheated in vacuum at tempera-
tures between 800 and 1100 °C, and rotation process is required during the deposition
period. EBD is a more efficient choice for evaporating materials with high melting
point than other PVD heating and evaporate techniques. However, it is limited for
coating the inner surface of complex geometries with the thickness of thin film below
5 nm. The filament degradation in the electron gun could be a cause of non-uniform
evaporating rate. The deposition rate of EBD can be obtained up to 100 pwm/min
depending on the materials and set up conditions [30].

TED technique involves heating a solid material (located in evaporation source,
e.g. boat, coil and basket at the bottom of the chamber) to its melting point [31].
The evaporated metal constitutes vapour steam inside a vacuum chamber and then
travels across the chamber to the deposition target (located at the top of the chamber),
sticking to it as a coating or film. In general, TED of metals with low to moderate
deposition rates at 10—100 nm/min provides a simple and reliable manner to produce
nanoparticles with a wide range of size; nevertheless, this method is not applicable to
substances with high cohesive energies that require high temperature for the evapo-
ration [32]. Material holders are normally made from W, Ta, Mo or ceramic materials
that capable of bearing high temperatures. Many materials can be deposited using
this method, including Al, Ag, Ni, Cr, Mg, etc. The selection of the PVD technique
depends on the material type and possible application. If we are looking for growing
thin metallic film, EBD might be the preferred choice compared to the TED. None
of PLD technique is better in all aspects. If we are looking for a good step coverage,
faster deposition rate, and efficiently, EBD can be preferred, while the sputtering
gives you good control on the thickness and density of the films.
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Sputtering is good for the deposition of high melting point materials like refrac-
tory metals and ceramics, which are tough to be transformed to nanomaterials by
evaporation technique. It has been reported that the deposition rates of sputtering tech-
nique are much lower than the EBD route (i.e. up to 50 pm/h for a magnetron system
or about 10-20 pm/h for a diode system) [33]. Additionally, sputtering offers greater
stoichiometric control of the thin film compared to the TED techniques. Thin films
from sputtering generally have a higher density than those thin films obtained from
the evaporation process while the evaporated films are likely to cause less contami-
nation than those sputtering films because of the lower purity of the sputtering target.
Inert gas condensation (IGC) is a PVD method with extra function of using the
inert gas to reduce the mean value of the free path of the species. IGC technique
involves two steps: evaporation of target materials in nanoscale and rapid conden-
sation of the evaporated material. Several different techniques have been employed
to evaporate inorganic or metallic materials into a vaporized form, e.g. Joule-heated
refractory crucibles, laser/plasma heating or electron beam evaporation devices, etc.
Typically, inert gas including He, Ne, Ar, helium, neon, argon, Kr, Xe and Ra with
pressures >3 mPa is required during the process [34]. The size and shape of the
as-prepared NPs can be managed by different factors including the temperature and
pressure of the chamber, evaporation rate and molecular weight of the inert gas
that injected into the chamber. A high pressure in the growth region could obtain
large particle size due to the consecutive agglomeration and less sintering can be
used to synthesize high-purity metallic/bimetallic nanoparticles. It also offers a high
surface cleanliness and well-defined grain size with a narrow size distribution of the
as-prepared NPs compared to other PVD method. The cost of operation for ultra-
high vacuum-based deposition systems of IGC is remarkably high. IGC involves an
extremely slow process and suffers from other limitations, e.g. temperature ranges,
the source-precursor incompatibility, dissimilar evaporation rates in an alloy, etc.

Advantage: PVD technique can be utilised to deposit a virtually wide range of
inorganic materials including metal alloys, ceramics, glass and polymer as well as
some of the organic materials. Moreover, it is more environmentally and user friendly
compared with other top-down process. The process demands the high vacuum condi-
tion to minimize an unwanted reaction within the free space, which helps to shape the
film composition easily and causes less contamination on any substrate surface [35].
The purity of the deposited film depends on the vacuum and the quality of the source
material. Coating thin film on materials via this technique will offer higher hardness
value, more corrosive resistance, good impact strength and excellent abrasion.

Disadvantage: Difficult to coat undercuts and similar surface feature, high capital
cost but low deposition rate. Some PVD processes are typically required to be carried
out under high temperature and high vacuum, which cause a high-energy consump-
tion and demands extra attention for operation. Water cooling systems are also needed
to dissipate the large heat loads (Table 2).
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2.2 Bottom-Up Methods

2.2.1 Laser Pyrolysis (LP)

LP technique involves the use of a continuous flowing of CO,, leading to molecular
decomposition to form vapours to initiate nucleation, followed by the growth of
NPs [48]. On the other hand, some of the other gases such ammonia (NH3), sulphur
hexafluoride (SFe) and ethylene gas (C,Hy4) are also in use [49]. Next, NPs will be
further transported to a filter by an inert gas depending on its amount. The main
criterion is that either reactant or precursor should be able to absorb the energy that
is supplied through the resonant vibrational mode of infrared CO, laser radiations.
Inside the system, in most of the time, gaseous precursors are used in LP synthesis;
however, solid or liquid precursors can be preferable in many cases, due to safety
issues or the cost and availability of the precursor; hence, volatile precursor is not
abundantly available for some metals.

LP provides superfast heating and quenching of particle growth on a small area,
hence resulting in rapidly nucleation within few ms. It has been acknowledged that
coalescence is higher at the high temperature, resulting in spherical particles, while
other shapes are obtained at low temperature. In addition, the final particle size also
depends on the aggregation of the initial nuclei. Gas pressure plays a significant role
in determining the particle size and their distribution. Moreover, other parameters
including laser intensity, the pressure in the reactor cell, the temperature of precursor
were also varied in order to obtain different crystallinity and particle size [50]. In
general, LP provides more possibilities for NPs with narrow size distribution of
5-200 nm.

Advantage: LP mode provides a very rapid, in-depth heating to a steady-state
temperature, offering a high and continuous production of well-dispersed NPs [51].
Moreover, it is the simplest method for producing many nanostructures even at pilot
plant dimensions by balancing CO, laser exposure and continuous flow of reactor.

Disadvantage: Elevated costs are the main constraints of this method. The
requirement of a specific reagent/laser resonance with a specific installation is
essential.

2.2.2  Sol-Gel

Sol—gel is a well-known wet-chemical process where a chemical solution acts as a
precursor for an integrated system of discrete particles. Among bottom-up synthesis
routes, sol—gel is one of the most preferred methods because of its simplicity, easy
control of the particle morphology and size, as well as the ability for large volume
production of metallic nanomaterial. In general, the method involves two main reac-
tions including hydrolysis of the precursor in the acidic or base mediums (reaction
1) and polycondensation of the hydrolysed products (reactions 2 and 3) [52, 53].
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=M — OR+ HOH == M — OH + ROH (1)
=M -OH+=M —-0OH =2=M — 0 —-M + HOH 2)
=M -OH+=M —-OR==M -0 —-M + ROH 3)

In hydrolysis reaction, an alkoxy group [OR] is replaced with a hydroxyl [OH-].
The part of hydrolysed alkoxide molecules may either react with another OH—species
by removing water or react with alkoxy group to produce an alcohol molecule. The
hydrolysis reaction rate can be accelerated by using catalyst such as HCI and NHj.
Other parameters such as reagent concentration, ageing and drying process are also
important for the structure and properties of final materials network for sol-gel
method.

Metal alkoxides (M, (OR)y) and chloride compounds are usually used as
starting precursors and dissolved in a suitable solvent, which is often ethanol. After
completing the hydrolysis/polycondensation reaction process, wet gel product will
be dried to obtain the final material (i.e. Aerogel, Xerogel or Cryogel). Ageing
process could help to cushion a warping and cracking phenomenon of the gel matrix.
Generally, the drying temperature is in the range of 300—500 °C to remove residual
organics. Additional calcination or sintering process (temperature up to 800 °C) can
also be applied to remove the organic liquid and densify the product in the final step, if
required. Normally, the sintering is used for improving the density and reducing of the
pore volume and surface area of as-prepared products. On the other hand, calcination
often helps in term of mechanically stable of the materials. Xerogel can be obtained
from the uncontrolled drying process. It is characterized by disordered porosity in
the absence of structure directing agent. Meanwhile, well-controlled drying process
to achieve moderate shrinkage of the gel matrix will offer the aerogel type. Hence,
drying is the key process to minimize the impact on the porous structure of gel matrix.
Figure 4 shows the schematic of sol—gel process from precursor to aerogel.

Parameters such as the ratio of water to alkoxide, the nature of the R-group (e.g.
inductive effects) and amount of catalysts strongly affected the reaction of sol-gel
process [55]. As an example of silica preparation, the sol-gel chemical reaction
normally requires either base or acid catalysts as the neutral reaction is very slow.
The structure of the synthesized gel is substantially different depending on the type of
additional catalyst as it can offer different in the relative rates of the hydrolysis and
condensation reactions. Example of some metallic nanomaterials that synthesized
via sol—gel technique is presented in Table 3.

Advantage: This method is simple, highly controllable, economical and efficient
to produce high quality and high yield of nanoparticles. Moreover, it can be used
for a thick coating to provide protection layer that help to against corrosion of
substrate surfaces or used for thin layer coating to ensure a great bond between
the top layer and substrate. This method consumes less energy compared to other
techniques, especially top-down techniques. There is no need to reach the melting
temperature of the precursors for low temperature reaction.
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Precursors + Solvents nﬁ‘;\‘: e
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Step: | (Hydrolysis)  Step: 2 (Condensation) Step: 3and 4 (Aging & Drying) Step: 5 (Calcination)
Fig. 4 Schematic of sol-gel process: from precursor to aerogel [54]

Disadvantage: The products often shrinkage and there could be crack formation
during drying process, making it difficult to attain a large monolithic piece. The cost
of the precursors is high. The process in general involves the use of organic solution
that is toxic and harmful to environment. It is hard to avoid residual porosity and
OH groups. Finally, the agglomeration issue might occur during the heating process
[56].

2.2.3 Chemical Vapour Deposition (CVD)

The key difference between CVD and PVD is that the raw material/percussors for
CVD is presented into the reaction chamber in the vapour phase, while the percussors
are in solid form for the PVD process. The reaction of CVD process prefers to
occur at the substrate rather than in the gas phase. Generally, the temperature ranges
from 300 to 1200 °C (higher than PVD process) at the substrate and gas pressures
are suggested to be in the range of 0.1 to 1.0 torr. Different factors can affect the
deposition process and final produce quality including the precursor delivery method,
carrier gas and its chemical properties, the reactor chamber pressure, deposition
time and rate, substrate temperature, flow rate of precursor vapour and substrate
properties [65]. CVD can be categorized into several types, such as low-pressure,
atmospheric-pressure, photo-enhanced, metalorganic and thermal activated CVDs
[66].

From Fig. 5, the deposition process can be summarized as three main stages
(1) the volatile precursors are introduced to the reactor chamber via carrier gas;
(2) the precursor vapours are adsorbed on the substrate surface and then form the
intermediate products; and (3) these products are decomposed on the heated substrate,
nucleated and grown as the solid layer/grains. The volatile by-products are generated
and removed from the chamber by the carrier gas. Growth rate and quality of the
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Fig. 5 Reaction in the chemical vapour deposition [67]

thin film depend on the gas pressure inside the reaction chamber and the substrate
temperature.

Advantage: CVD offers high uniformity and good reproducibility and adhe-
sion, with acceptable deposition rate [51]. It is not limited to a line-of-sight
deposition which is a general characteristic of most of PVD processes. Complex
three-dimensional configurations like recesses and holes can be relatively easily
coated.

Disadvantage: The synthesis of nanostructures using CVD technique is limited by
reason of the involvement of toxic precursors, trace impurities, processing time and
prolonged reaction [51]. Possible chemical hazards due to toxic, corrosive and explo-
sive precursor gases. The process typically happened at high temperatures depending
on the evaporation temperature of the precursor. Size is limited to reaction chamber
capacity.

2.2.4 Hydrothermal/Solvothermal

Hydrothermal/solvothermal synthesis is a solution reaction-based approach, and the
reaction temperature could be in a wide range (typically between 100 to 1000 °C).
Briefly, the mixed percussor solutions was transferred into lined Teflon and sealed
in autoclave made of stainless steel, followed by heating in an oven at a specific
temperature and reaction time [68]. Various metal NPs such as Ag, Ni, Cu and Ru
[72,75-78] have been successfully synthesized by using hydrothermal/solvothermal.
An image of different NPs is shown in Fig. 6. Crystals with different morphologies
(3D-sphere, 2D-rod or 1D-wire structures) are formed by varying the solvent type,
concentration of precursor and kinetic control (e.g. reaction time and temperature,
etc.).

In general, the reaction medium of hydrothermal synthesis is aqueous solution,
while the chemical reaction of solvothermal synthesis happens in various organic
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10nm

Fig. 6 SEM image of (a) Ag NPs, synthesized at 200 °C for 6 h [71], (b) Cu NPs, synthesized at
100 °C for 10 h, (¢) Au NPs, synthesized at 110 °C for 12 h [72], (d) CuS nanostructure, synthesized
at 150 °C for 5 h [73], TEM image of (e) Al/Zn NPs, synthesized at 200 °C for 6 h [74] and (f) Ru@C
nanocomposites, synthesized at 200 °C for 24 h [75]

mediums. Water has a low boiling point which limits its ability to many reactions that
require high-temperature condition. Moreover, water has a high polarity which unable
to solubilize many organic and non-polar molecules; hence, capping agents/surfactant
(e.g. oleic acid (OA), polyethylenimine (PEI), Ethylenediaminetetraacetic acid
(EDTA) and cetyltrimethylammonium bromide (CTAB)) might be needed to stabilize
inorganic nanomaterials [69, 70]. Typical precursors for hydrothermal are usually
metal-nitrate, -chloride or -acetate compounds.

Advantage: The compositions of nanomaterials can be well simplified and the
size, shape distribution and crystallinity in hydrothermal synthesis can be precisely
controlled through varying parameters, e.g. temperatures and time of the reaction, the
types of precursors, surfactants and solvents. The process can be used to prepare many
geometries including bulking powders, single crystals, thin film and nanocrystals.

Disadvantage: Safety issue during the reaction process, high equipment cost (i.e.
autoclave) and low products yielded could be the main drawbacks of this tech-
nique. Moreover, the reaction process during the reaction cannot be observed. Similar
to sol-gel technique, hydrothermal/solvothermal require long time reaction period.
This method requires soluble precursor, and large amount of solvent waste can be
generated.
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2.2.5 Green or Biological Synthesis

Typically, NPs can be achieved by using either microorganisms (such as bacteria,
yeast, actinomycetes and fungi) or plant tissues (such as leaf, fruit, root, stem, peel
and flower). The synthesis of NPs using a biological system can be categorized
into 3 options: (1) using of the solvent medium, (2) using of an eco-friendly and
environmentally benign reducing agent and (3) using of a non-toxic material as a
capping agent [76]. Several plants and microorganisms have been successfully used
for efficient extracellular synthesis of different metal NPs such as Co, Cu, Ag, Au,
Pd and Pt as presented in Table 4. Factors including pH, reaction time, reactant
concentration and reaction temperature can be adjusted to control the size, shape,
yield and stability of as-prepared NPs from the biological synthesis [77].

NPs produced by bacteria offer a very good stability, well dispersion and activities
against various pathogens. Fungi are able to produce metal nano- and meso-structures
by reducing enzyme intra- or extra-cellularly with the biomimetic mineralization
procedure [77]. Using different species of fungi as nano-biofactories for synthesis
process is considered more straight forward and easy for stable production of NPs
as compared to bacteria. Fungi offers several advantages over bacteria including
(1) higher bioaccumulation of metabolites, (2) higher biomass and easy mode of
culture, (3) higher wall binding capacity of metals and (4) higher tolerance and
uptake capability of metals.”® Yeasts according to invention are classified into the
kingdom Fungi and class Saccharomyces. One main advantage of using yeast cells
as NP-carriers is simple encapsulation mechanism which implies that the synthesis
process does not require stabilizers compared to other NP-carrier system.

Advantage: Green synthesis eliminates the use of chemicals and offers non-toxic
products and by-products. Moreover, it can also generate a large amount of highly
stable NPs with a better-size distribution than those chemical and physical methods
due to non-nutrient bioactive compounds (as stabilizing agents) that are used in the
reaction act [79].

Disadvantage: The large-scale production protocols of this technique require
further modification to make them cost-effective and comparable to other methods.
Instability and aggregation of NPs, control of morphology, crystallization and size
of NPs via this technique are under the development stage. Moreover, the separation
and purification process of NPs is another key issue that needs further exploration.

3 Methods Used in Metal Nanoparticles Characterization

Understanding the characteristics of NPs benefits in validating the fabrication tech-
nique, succeeding the morphology evolution, improving the method protocols and
realizing the potential applications of the NPs. Characterization techniques can be
classified based on the concept of the techniques used, the provided information or
the types of materials that required for the technique. The main features of the tech-
niques and their key benefit, advantages and limitations are explained and pointed
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out in this session. Table 5 summarizes the techniques that are suitable for different

focus characterized parameter of NPs.

Table 5 Characterization techniques for NPs parameters [103, 104]

Entity characterized

Suitable characterization techniques

Size (structural properties)

TEM, XRD, DLS, NTA, SAXS, HRTEM,
SEM, AFM, EXAFS, FMR, DCS, ICP-MS,
UV-Vis, MALDI, NMR, TRPS, EPLS,
magnetic susceptibility

Shape

TEM, HRTEM, AFM, EPLS, FMR,
3D-tomography

Elemental-chemical composition

XRD, XPS, ICP-MS, ICP-OES, SEM-EDX,
NMR, MFM, LEIS

Crystal structure

XRD, EXAFS, HRTEM, electron
diffraction, STEM

Size distribution

DCS, DLS, SAXS, NTA, ICP-MS, FMR,
superparamagnetic relaxometry, DTA,
TRPS, SEM

Chemical state—oxidation state

XAS, EELS, XPS, Mdssbauer

Growth kinetics

SAXS, NMR, TEM, cryo-TEM, liquid TEM

Ligand
binding/composition/density/arrangement/mass,
surface composition

XPS, FTIR, NMR, SIMS, FMR, TGA,
SANS

Surface area, specific surface area

BET, liquid NMR

Surface charge

Zeta potential, EPM

Concentration

ICP-MS, UV-Vis, RMM-MEMS, PTA,
DCS, TRPS

Agglomeration state

Zeta potential, DLS, DCS, UV-Vis, SEM,
Cryo-TEM, TEM

Density

DCS, RMM-MEMS

Single particle properties

Sp-ICP-MS, MFM, HRTEM, liquid TEM

3D visualization

3D-tomography, AFM, SEM

Dispersion of NP in matrices/supports

SEM, AFM, TEM

Structural defects

HRTEM, EBSD

Detection of NPs

TEM, SEM, STEM, EBSD, magnetic
susceptibility

Optical properties

UV-Vis-NIR, PL, EELS-STEM

Magnetic properties

SQUID, VSM, Mossbauer, MFM, FMR,
XMCD, magnetic susceptibility
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3.1 X-Ray-Based Techniques

e X-ray diffraction (XRD) is a basic technique for NP characterization which
provides the information of the crystalline structure, phase, lattice and grain size
of NPs [105]. XRD is commonly used for powder or thin film samples. The
composition of the NPs can be identified by comparing the position of the 2-theta
peaks with the standard patterns (i.e. ICDD, or known as JCPDS) database [103].
In general, the intensity of X-ray source is about [108] times lower than that of
the electron diffraction.

® X-ray photoelectron spectroscopy (XPS) is a highly surface-sensitive analysis
method, giving information of electronic structure of NPs and charge transfer
between constituent elements in alloy and/or heterostructure NP’s surface [106].
Moreover, it is also possible to extract the element and phase composition of
the NPs from surface analysis data. Binding energy presented an information of
the element, whereas the peak intensity reflects the relative concentration of the
elements [107]. Background subtraction and peak fitting methods are required for
an analysis of the complex element that has several oxidation states.

e X-ray absorption spectroscopy (XAS) includes both extended X-ray absorption
fine structure (EXAFS) and X-ray absorption near edge structure (XANES, also
known as NEXAFS). XAS is involved in the measurement of X-ray absorption
coefficient of NPs as function of energy (Fig. 7.) [108]. In principle, each element
has a set of characteristic absorption edges (i.e. K, L, M, etc., absorption edges)
according to the different binding energies of its electrons, offering XAS element
selectivity. In other words, this technique offers result of the chemical composi-
tion, unoccupied electronic states and bonding information of the NPs [109]. A
highly sensitive EXAFS techniques can be used to gain the information about the
interatomic distances, near neighbour coordination numbers and lattice dynamics.
On the other hand, XANE gives information about the oxidation states, vacant
orbitals, electronic configuration and site symmetry of the absorbing atom.

e FEnergy-dispersive X-ray spectroscopy (EDS) and X-ray scattering (SAXS) are
used for the elemental analysis or chemical characterization of NPs. Each chemical
element has characteristic X-ray energy that emitted from the specimen. EDS is
typically combined with SEM and TEM, allowing a clear identification of the
composition of elements heavier than oxygen.

Fig. 7 XAS spectrum shows | XANES EXAFS

the edge XANES (within ca. ) T "
50 eV) and the edge EXAFS \

(>1000 eV above) of the 5 I\'u:,\ ———

structured absorption [110]
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3.2 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR is used for studying the vibration of the functional groups associated with NPs.
FTIR records the absorption of electromagnetic radiation with wavelengths within
the mid-infrared region (400-4000 cm™") [111]. If a molecule of NPs can absorb
infrared region radiation, the dipole moment somehow changed, and the molecule
becomes IR active. A spectrum not only offer the information of band position related
to nature and strength of bonds, but also determine the specific functional groups,
which can help to obtain the information of molecular structures and interactions of
NPs. In general, powder samples will be grounded with KBr (about 5% of the weight
of the samples) and pressed to form the hard pellet [112].

3.3 Transmission Electron Microscopy (TEM)

The interaction between an electron beam with uniform current density and a thin
sample can be observed by using TEM as the beam is transmitted through that thin
film samples to form an image. In general, the energies of the electron beam are within
arange of 60—150 keV. TEM is the most common technique to analyse morphologies
of NPs as it can provide not only direct images of the sample but also the most
accurate estimation of the NPs homogeneity due to its powerful magnification with
the potential of over 1 million times compared to other SEM techniques.

High-resolution TEM (HRTEM) is an imaging mode of TEM that uses phase-
contrast imaging, using the combination of transmitted and scattered electrons to
produce the image of the internal structure of NPs (i.e. the arrays of atomic level in
crystalline structures of NPs). It is worth mentioning that the internal structure char-
acterization of amorphous-based structure is not always practicable by this HRTEM
technique due to the random orientation of their crystals relative to the electron
beam; hence, the atom directions are not well aligned, obtaining a complex image
that cannot be directly used for structural analysis. Selected area electron diffraction
(SAED) or an electron backscatter diffraction (EBSD) in TEM is used for the study
of the crystal structure of NPs, obtaining the reverse space of the lattice planes as it
can be used to determine the d-spacing value of the crystal planes of the NPs.

3.4 Scanning Electron Microscopy (SEM)

SEM is another common technique for imaging of nanomaterial surface with a reso-
lution down to about 1 nm [113]. SEM uses electrons where the incident beam of
electrons transversely scans the sample, offering data on the composition of atoms
along with the physical feature of NPs [114]. The focussed beam of electrons can
be able to create a magnified image with much improved magnification of 10 to
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1,000,000 times. SEM usually uses three analysis modes including (1) secondary
electron (SE) mode, (2) backscattered electron (BSE) mode and (3) X-ray energy
dispersive spectroscopy [115]. A classic SE mode can obtain image with up to 1 nm
resolution. However, SEM is limited when used to characterize non-conductive mate-
rials and coloured images (i.e. SEM only provide black and white image), or when
used to acquire the height of the specimen. Coating the samples (sputter coating)
with an additional conductive material layer of ~3—10 nm (such as Pt, Ag, Pd and
Au) is required, especially for non-conductive sample to remove charging effects and
get better quality images of the sample. However, the thin layer of conductive mate-
rials (from sputtering) may affect the atomic percentage and elemental composition
analysis of the NPs.

3.5 Atomic Force Microscopy (AFM)

AFM is capable of creating 3D images of surfaces with high magnification. The
measurement of this technique is based on the interacting forces between the sample
surface and a probe. AFM can scan under three different modes (i.e. contact, non-
contact and tapping mode) depending on the degree of proximity between the probe
and the sample. Parameters including tip curvature radius and elasticity and surface
energy of NPs influence the final topological values. AFM does not require any
surface modification or coating prior to imaging; hence, it does not require a coating
of conductive layer on the surface of non-conductive materials as SEM technique.
Moreover, the topological analysis of small NPs (<6 nm) can be obtained by AFM
without requirements of the special treatment. Low density materials, which present
poor contrast in electron microscopy, can also be characterized. For comparison,
Fig. 8 shows the image of copper/1,4-benzenedicarboxylate (N-Cu(BDC) composite
that taken by AFM, TEM and SEM.

Fig. 8 An example of SEM, TEM and AFM of N-Cu(BDC) composite [104]
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3.6 Dynamic Light Scattering (DLS)

DLS provides the measurement of the size of the NPs from the scattered light in a
solution; hence, it is difficult to imaging dried samples and very sensitive to agglom-
eration and dynamic aggregation [116]. As the DLS directly characterizes particles
in dispersion, dispersion conditions including the effect of salt or pH on colloidal
stability an be monitored [117]. This method can be used to analyse in a great diam-
eter ranging from nano- to micro-scale. However, it cannot directly observe the size
of NPs from the DLS result as the mechanism of method is based on diffusion coef-
ficient value, and the spherical shape of the particles is therefore assumed. Hence,
the dimensions of a particle can only be defined by using an assumption of shape by
Stokes—Einstein equation [115].

3.7 Zeta Potential Measurement

Zeta potential or an electrokinetic potential is a measurement of the “effective”
electric charge at the slip plane between the bulk of base solution and the bound
layer of diluent molecules that surrounds the NPs. Hence, this technique measures
the charge stability of colloidal NPs, which is a key parameter that governs the
electrokinetic behaviour of NPs in the solution [118]. In general, NPs with a zeta
potential value between —10 and +10 mV are considered as neutral, while NPs with
zeta potentials value of less than —30 mV or greater than +30 mV are considered
strongly anionic or strongly cationic [119]. Zeta potential is dependent on pH and the
conductivity of the dispersing medium; thus, it is important to accurately measure
and report it. For example, if acid is added in nanofluid, pH will decrease, leading
to the increase of positive charges on the particle surface. The minimum concentra-
tion required for analysis depends on the relative refractive index and particle size.
Additionally, this technique some time can be used to predict the long-term stability
of colloidal NPs. For example, NPs with zeta potentials larger than £ 60 mV have
great stability, whereas when zeta values of NPs are between —10 mV and +10 mV,
a rapid agglomeration can be observed unless they are sterically protected [120].

3.8 Secondary Ion Mass Spectrometry (SIMS)

SIMS is one of the key techniques for surface chemical and imaging analysis in the
field of material sciences. This technique is recognized as isotopic surface analysis
and the most sensitive elemental analysis technique. In the chamber, the sample is
bombarded with an ion beam in vacuum atmosphere; thus, the secondary ions are
sputtered from the sample and conveyed into a mass spectrometer for analysis [121].
The SIMS technique provides a unique combination of extremely high sensitivity
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which limits down to the ppm level for all elements from Hydrogen to Uranium and
above. Moreover, it also offers high lateral resolution imaging (>40 nm), and a very
low background that allows more than 5 decades of dynamic range.

3.9 UV-VIS Spectrophotometry

It is widely known that metallic NPs possess muti-colours and, therefore, best
matched for photo-related applications. Figure 9 shows characteristic colours and
properties of Au NPs with the variation of sizes and shapes, which can be utilized
in imaging-related applications [105]. Ultraviolet—visible (UV-Vis) and photolumi-
nescence (PL) are the well-known techniques for the optical study of NPs materials
[105]. Both techniques offer extra information about the absorption or emission
capacity of the NPs and their effect on the overall excitation time of photo-excitons.
Additionally, UV—Vis can quantitatively monitor the formation and provide informa-
tion about the size of NPs through different responses to the electromagnetic waves,
ranging from 200-700 nm [122] (Table 6).

Fig. 9 Colour dependence a) Nanorods ~ aspectratio
of Au NPs on size and shape

[105] f
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b) Nanoshells
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4 Basic Properties of Metallic Nanomaterials

4.1 Surface Plasmon Resonance Properties

Among metals, noble metals including Au, Ag, Cu, Pd and Pt gain a great attention
due to their exclusive optical properties on account of their surface plasmon resonance
(SPR), which can be applied in a broad range of applications such as photocatalysis,
biomedicine, surface-enhanced Raman spectroscopy (SERS), plasmonic devices,
sensors and photothermal therapy [136, 137]. Among these plasmonic NPs, silver
and gold are most used as plasmonic metals because of their chemical stability and
visual colour change to the naked eye. On the other hand, Pt or Pd exhibit only broad
absorption which continuously extend throughout the near UV and visible range.

Noble metal NPs exhibit a strong UV—vis absorption band, which is not possessed
by bulk metals. This absorption band is provided by the collective oscillations of elec-
trons in the conduction band that excited by light with appropriate frequency from
both visible and near-infrared ranges, which is known as localized SPR [138]. The
position of the plasmon band (extinction spectrum) is best measured on a conventional
UV-visible spectrophotometer, observing a band with high extinction coefficients
(up to 10''/M.cm) [139]. The optical features of the localized SPR (e.g. peak absorp-
tion, peak extinction wavelength, scattering, linewidth) depend on the size, shape,
composition of the metal NP, surface-adsorbed species, surface charge, interparticle
interactions and the refractive index of the surrounding medium [140]. An example
of optical value change of Au and Ag NPs that depend on their shape is present in
Fig. 10.

4.2 Magnetic Properties

Magnetic properties of metal NPs are of great interest for a wide range of disciplines,
such as magnetic fluids, catalysis, biomedicine, magnetic energy storage, informa-
tion storage and spintronics [141]. Fine particle magnetism comes from size effects,
which are based on the magnetic domain structure of ferromagnetic materials. When
the size of single-domain particles is reduced below a critical diameter (<15 nm
for the common materials), the coercivity is zero and such particles become super-
paramagnetic, which is caused by thermal effects. Each potential application of the
magnetic nanoparticles requires different properties. Materials that hold ferromag-
netism (e.g. Fe, Ni and Co) have aligned atomic magnetic moments of equal magni-
tude; thus, their crystalline structures allow for direct coupling interactions between
the moments, which helps to enhance the flux density of material [142]. Many studies
have confirmed low toxicity of AuNPs compared to other metal-based NPs [143],
Au (3.9 £ 0.2 nm) has been used to decorate pel-Fe;O4 (Au@PEI-Fe;0O4) NPs and
their DC magnetization. The estimated effective magnetic anisotropy constant (K,



200 K. Thummavichai et al.

Absorbance (a.u.)
w

400 600 800 1000
Wavelength (nm)

fe .-»J

Fig. 10 A different shape of Au and Ag NPs can directly influence the change in their optical
performance. Vial O presented the aqueous solution of 4 nm Au nanospheres and Vial 1-5 presented
the higher aspect ratio gold nanorods [140]

at 5 K) was 2.0 x 10* j/m?, nearly 50% larger than K. of bulk magnetite (1.1-1.3
x 10% j/m3) (Fig. 11) [144].

4.3 Mechanical Properties

The mechanical properties of NPs have gained a lot of attention over the last few
years especially the tribological properties for lubricants and as reinforcements for
composite coating technologies [145, 146]. In general, the mechanical properties
of material involve elastic—plastic deformation, hardness, bulk modulus, Young’s
modulus, scratch resistance, time-dependent creep and relaxation properties, residual
stresses, fracture toughness, fatigue and yield strength. Au NPs thin films have been
well studied for their high hardness, creep and strain rate effects [147]. However,
the obtained results are still insufficient and some are controversial [148, 149].
There is still no conclusion whether the elastic modulus of NPs is affected by the
particle size and the indentation depth. Additionally, their frictional and mechan-
ical behaviours have not been fully understood. A study has recently reported the
ultra-high compressive strength of the Ni NPs of 34 GPa (D = 210 nm), as shown
in Fig. 12 [150].
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Fig. 11 a DC magnetization curves gained in zero-field-cooled (ZFC, lower branch) and field-
cooled (HFC = 2.39 kA/m, upper branch) modes for PEI-Fe3 Oy (filled black circles) and Au@PEI-
Fe304 (open red circles) NPs. b M vs. H curves at T = 300 K. Inset: magnification of the low-field
region of the hysteresis loops. ¢ TEM of Au@PEI-Fe3O4 NPs, inset: the histogram of particle fitted
with a lognormal distribution (solid line) [145]
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Fig. 12 a Load-displacement curves for different particle sizes of NPs. b Stress—strain curves
demonstrate that the strength increases with decreasing particle diameter. ¢ Compressive strength
as a function of particle diameter [150]

4.4 Thermal Properties

Water, phase change materials, oil and ethylene glycol are typical heat transfer fluids,
and they are mostly used as cooling fluid in many thermal engineering applications.
In general, the thermal conductivity of a standard heat transfer fluid is lower than
<1 W/mK [151]. Among them, water offers the highest value of thermal conductivity
(0.613 W/mK at 303 K). This is still not comparable to the value that metal NPs
can offer. Ag, Al, Cu, Fe and Au NPs can offer the high thermal conductivity of
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429 W/mK at 300 K, 237 W/mK at 273 K, 401 W/mK at 273-373 K, 80.4 W/mK
at 273-373 K and 318 W/mK at 273-373, respectively [152, 153]. For this reason,
the heat transfer fluid, which is known as nanofluid (a combination of traditional
heat transfer fluids with metallic NPs that have size less than 100 nm and at very
low concentration of less than 1%), has attracted huge attention to researchers in
the past decade [154]. It has been reported that thermal conductivity of water can
be improved by 54% through an addition of 0.1% weight of 20 nm Ag NPs [152].
Many reports agree that size, shape and volume fraction of NPs can directly affect
the thermal conductivities of typical heat fluids [154, 155]. In the case of Ag, the
thermal conductivity of nanofluids increases with decreasing size and increasing the
concentration of nanoparticles [156].

For given volume fraction and temperature, the thermal conductivity of nanofluid
containing rectangular nanoparticles was higher than those with NPs in spherical
shape. Additionally, metal nanoparticles can be added into polymers, such as epoxy,
to enhance thermal conductivity and to maintain electrical insulation below percola-
tion threshold. Compared with the electrical properties in metal-polymer compos-
ites, thermal transport does not show any dramatic increase [157]. However, similar
trend for metal/heat transfer fluids, it has been reported that Ni NPs with the size
of 40 nm show higher thermal conductivities of 0.37 W/mK due to its wider-spread
aggregation structures in epoxy compared to those larger Ni NPs with size of 70 nm
(0.31 W/mK) [158].

5 Conclusion

Bottom-up techniques are more precise than top-down techniques in controlling
particle size distribution. Controlling the component concentration, reaction time and
temperature can be achieved with different particle sizes and shapes, or NPs. Despite
the fact that these growth conditions are extremely sensitive to process variables,
limiting the variation of NP morphologies and structures, top-down methods, on the
other hand, have advantages over bottom-up methods, such as simple production,
the use of non-organic precursors and the high potential for large-scale production
with high yields. The size distribution can be controlled via the evaporation rate,
system pressure or system geometry. Although many researchers have successfully
prepared various types of NPs using various techniques, the precise information of
the parameter conditions of each technique that allow to optimize the designed size
and shape of various types of NPs is unclear and necessitates additional research for
an accurate reproduction process. Mass production could be taken into consideration
for further development of the metal NPs. The long-term stability of NPs and their
toxicity, especially in biotechnologies, are still unclear. An intensive study must be
conducted to investigate the composition, morphology, size, shape, structure and
side effects of metal NPs for diverse applications in the fields of magnetic, thermal,
optical, etc.
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