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Chapter 19

SILVER NANOPARTICLES: SYNTHESIS, GROWTH
MECHANISM AND BIOAPPLICATIONS
X. Yang, H. Fu, X. Jiang and A. Yu
School of Materials Science and Engineering,
The University of New South Wales, Sydney, Australia

ABSTRACT
This Chapter gives a brief review of the recent advances on silver nanoparticles
(SNPs) of synthesis, growth mechanisms and applications, particularly on
bioapplications. The research background is first overviewed by an introduction of the
synthesis methods including both physical and chemical approaches for the preparation
of silver nanoparticles with size and shape control, particularly for the one- or twodimensional silver nanoparticles (rods, wires, and plates). Second, the growth mechanism
and the inherent properties (electronic, optical and physico-chemical) of the silver
nanostructures will be discussed, which have been identified by means of various
advanced experimental techniques (e.g., microscopic, spectroscopic, and electrochemical
techniques) and fundamentally understood by combination of computational modelling
and simulation methods. Third, the functional applications of the silver nanostructures in
many areas are summarized, such as electronic and optical properties like surface
plasmon resonance, and surface enhancement Raman scattering, particularly for those
which are related to bioapplications such as antimicrobacteria, cytotoxicity and
genotoxicity. Finally, a few perspectives for future investigation on the silver
nanostructures are briefly discussed in this chapter.
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INTRODUCTION
Nanotechnology has been one of the hottest research fields in the past decades. Nanomaterials have attracted strong attention because of their unique physicochemical properties.
Metallic silver nanoparticles (SNPs) have been extensively investigated because they exhibit
optical, magnetic and electronic properties compared to their bulk materials (El-Sayed, M. A.
2001, Evanoff Jr, D. D. et al. 2005, Kamat, P. V. 2002, Pal, S. et al. 2007, Sun, Y. et al.
2002a, Yin, Y. et al. 2005), as well as many potential applications in spectroscopic area,
catalysis and sensing detection (Boliren, C. F. et al. 1983, Hulteen, J. C. et al. 1999, Jiang, X.
et al. 2008, Kelly, K. L. et al. 2003, Kneipp, K. et al. 2002, Kundu, S. et al. 2004, Lakowicz,
J. R. et al. 2004, Liao, H. et al. 2006, McFarland, A. D. et al. 2003, 2005, Murray, B. J. et al.
2004, Nicewarner-Pena, S. R. et al. 2001, Nie, S. et al. 1997, Panigrahi, S. et al. 2006,
Parfenov, A. et al. 2003, Shanmukh, S. et al. 2006, Tao, A. et al. 2003a, Wang, M. et al.
2003), particularly for biological activities in the healthy industries due to their fascinating
antimicrobial capability (Kumar, A. et al. 2008, Morones, J. R. et al. 2005, van Waasbergen,
L. G. et al. 2007).
Historically, metallic silver and silver ions have long been used for hygienic and
medicinal purposes, though the mechanism is not fully understood yet (Chen, X. et al. 2008).
Silver vessels were used in ancient times to keep drinking water and wine. Silver powder was
mentioned by Hippocrates, Father of modern medicine, to have beneficial anti-disease
properties and listed as treatment for ulcers (Goyer, R. A. et al. 1996). Silver compounds were
major weapon against wound infection in World War I until the advent of antibiotics (Drosou,
A. et al. 2003). Until now, it is still utilized in antibacterial coatings on medical devices to
reduce nosocomial infection rates. Besides the medical applications, various applications in
exploiting silver disinfectant properties have emerged in consumer products ranging from
home appliances to water treatment, such as household water filters, antibacterial spray,
cosmetics, detergent, and dietary supplements (Cavanagh, B. et al. 2010, Quadros, M. E. et al.
2010).
Even though there is a possible safety risk for the utilization of silver ions to human
beings (Ratte, H. T. 1999), the smaller silver particles display lower toxicity to human beings,
as well as greater efficacy against bacteria due to large surface-to-volume ratios (Choi, O. et
al. 2008a, Foldbjerg, R. et al. 2009, Sládková, M. et al. 2009). This has inspired the
development of synthesis, characterization and mechanistic understanding of SNPs,
particularly for those with different shape and size, which consequently lead to various
functional properties and desirable applications.
This Chapter briefly discusses the synthesis, growth mechanism and inherent properties
of SNPs (e.g. spheres, wires, rods, and plates), and reviews their current and emerging uses in
various areas, by highlighting recent advances in biomedical applications and potential risk
concerns to environment and human health. First, the synthesis methods are briefly
introduced, including physical techniques and chemical techniques. Second, the SNPs growth
mechanisms are discussed based on experimental and numerical studies. Third, the properties
resulted by shape and size control are addressed, such as optical, electronic and other physicochemical properties. Finally, the functional applications of SNPs in optical, catalysis and
sensing, particularly for bioapplications (e.g. antimicrobial agent, cytotoxicity and
genotoxicity) as well as health concerns are discussed.
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SYNTHESIS TECHNIQUES
Various synthesis techniques have been developed for generating silver nanoparticles. In
this section, a number of successful approaches developed for shape and size control of silver
nanoparticles will be briefly introduced, including physical (thermal vapour deposition,
lithographic method) and chemical (e.g. hydrothermal/solvothermal, photochemical, and
electrochemical methods) techniques, by emphasis on the chemical methods because of some
unique features such as simple operation, diverse choices in reaction solvents, easy scale up
and controllable shape and size.

Physical Techniques
Vapour Deposition
A representative physical technique – vapour deposition method, similar to the wellknown physical vapour deposition (PVD) technique, is fundamentally a vaporisation coating
technique involving transfer of material on an atomic level. PVD processes are normally
carried out under vacuum conditions. The process involves four steps: evaporation,
transportation, reaction, and deposition. For example, Chen et al. (2009) demonstrated that
the preparation of pure Ag nanowires (provided by The Nilaco Corporation, with a purity of
99.9 wt%) can be thermally evaporated on a heating holder set inside a Hitachi HF-2000 type
high-resolution electron microscope (HREM). In the synthesis of Ag nanowires (NWs), it was
carried out under high vacuum conditions at pressures lower than 10−6 Pa. Figure 1 shows
schematical illustration of the formation process of silver nanowires. Through this technique,
silver nanowires were fabricated for the first time with a monoclinic structure (mono-Ag
NWs). The crystal lattice parameters of the mono-Ag NWs are: a = 0.303 nm, b = 1.140 nm,
c = 0.292 nm, and β = 118.5, calculated using the UnitCell program. With in-situ annealing
experiments, the as-prepared mono-Ag NWs convert to face-centre-cubic (fcc)-Ag NWs by
annealing at ∼1173 K for 600 s. Clearly, this technique is available for preparation of SNPs
with unique characteristics.

Lithography Technique
Lithography technique, a low cost, inherently parallel, high throughput, materials general
nanofabrication technique, is capable of producing an unexpectedly large variety of
nanostructures and well-ordered two-dimensional (2D) nanostructures on the basis of
nanospherical arrays. It has been demonstrated by Van Duyne and co-workers (Haes, A. J. et
al. 2005b, Haynes, C. L. et al. 2001) that its usefulness in controlling the size of Ag
nanoprisms and the availability of transferring these prisms from substrate (e.g., silicon
wafer) to a solvent forming a colloidal dispersion for desirable functional properties. It was
developed for preparation of silver nanoprisms.
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Figure 1. Photograph schematically showing the synthesis process of Ag nanowires using the heating
holder. (Reprinted with permission from Ref. (Chen, C. L. et al. 2009), Chen, C. L., Furusho, H., and
Mori, H. (2009) Nanotechnology 20, 405605. Copyright 2009 IOP Publishing Ltd Printed in the UK.)

Later, Haes, A. J. et al. (2005b) reported that such mono-sized silver nanoprisms
generated by this technique can be subsequently released into solution because of the weak
adhesion of the nanoprisms on the glass substrate. Through this physical technique, a typical
defect-free domain of 10 to 100 µm2 could be achieved. A monolayer of ordered silver
nanoprisms film can be deposited by thermal evaporation, electron beam deposition (EBD),
or pulsed laser deposition (PLD) on the substrate through the nanosphere mask to a
controllable mass thickness. However, the use of sonication to release silver nanoplates and
the necessary surface coating to protect these nanoprisms from aggregation in solution limited
the wide application of this lithography technique.
To obtain large area patterns of nanoparticles, Kosiorek and co-workers (2004) reported
an alternative strategy that they described the preparation of large-area, two-dimensional
metallic structures using shadow nanosphere lithography. By adjusting the position of the
substrate with respect to the evaporation source(s), various morphologies of metallic particles
have been fabricated such as cups, rods, and wires, which are not readily accessible by the
standard nanospherical lithography approach.

Electron Beam-induced Lithography Technique
Electron beam-induced lithography (EBID) is another well-known physical technique
used for preparation of metallic nanostructures, particularly for devices or electronic chips
with diverse applications as microelectronics, nanophysics, and molecular biology (SilvisCividjian, N. et al. 2003). The principle of EBID can be described briefly as follows. In a high
vacuum chamber, an electron beam is focused on a substrate surface on which precursor gas
molecules, containing the element to be deposited, and/or the organometallic compound or
hydrocarbon are adsorbed. As a result of complex beam-induced surface reactions, the
precursor molecules absorbed in and near to the irradiated area, dissociate into non-volatile on
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the substrate. The volatile fragments are evacuated from the vacuum chamber. The advantage
of the EBID technique over conventional lithography methods is that two- and even threedimensional (3D) structures are patterned and deposited simultaneously; making it a fast, onestep technique (Hu, S. et al. 1998, Kondo, Y. et al. 1997, Koops, H. N. W. N. P. K. et al.
1994, 1997, Kramer, N. et al. 1995, and Schoessler, C. et al. 1998).
In the last decade, EBID has gained more attention as a tool for additive lithography
(Koops, H. N. W. N. P. K. et al. 1994), practiced mainly in scanning electron microscopes
(SEM). In this technique, the energetic beams of photons, ions, and electrons are usually
used. Among them, the focused electron beam can fabricate the smallest features of
nanoparticles. However, the conventional electron beam-induced lithography, based on
polymethylmethacrylate (PMMA) resist has reached its fundamental resolution limits
(situated ~10 nm), as dictated by the interaction range of electrons, the molecular size, and by
the resist development mechanism. To narrow the size range and overcome the size
limitation, Broers et al. (1976) used the contamination grown patterns as an etching mask to
define 8-nm-wide metal lines. Silver nanorods on substrates reported by Chu et al. (2007)
who could fabricate such rods by using oblique angle deposition (OAD) technique using a
custom-designed electron beam/sputtering evaporation (E-beam) system (Torr International,
New Windsor, NY) (Chaney, S. B. et al. 2005). The glass slides, as the base platform for
silver nanorod arrays deposition, were cleaned with Piranha solution before loading into the
E-beam system. A base layer of 500 nm silver film was first deposited onto the glass slides
before arrays of Ag nanorod (length of approximately 1 μm) was deposited on the silver base
layer by OAD at a vapour incident angle of 86. The deposition rate was 0.3 nm/s, and the
deposition pressure was approximately 1×10-6 Torr. The film thickness was monitored by a
quartz crystal microbalance positioned at normal incidence to the vapour source direction. It
can be easily implemented in the laboratory. The deposition procedure is straightforward and
inexpensive. The prepared silver nanorods were 868 ± 95 nm in length and 99 ± 29 nm in
diameter. The average density of the nanorods was approximately 13 ± 0.5 rods/μm2 and the
tilting angle of the nanorods was ~73 with respect to the substrate normal. Such an array of
silver nanorods has achieved unique optical properties in surface enhanced resonance
scattering (SERS) with enhancement factors of approximately 108 for the molecular probe
trans-1,2-bis (4-pyridyl) ethane (BPE) (Chu, H. V. et al. 2007). The OAD technique offers an
easy and inexpensive way for the fabrication of silver nanorod arrays for high sensitivity
SERS applications.

Chemical Techniques
Hydrothermal Method
For seeking green approach, hydrothermal method has become more attractive in the
synthesis of silver nanoparticles. For example, Carroll et al. (2002) presented the CTABassisted approach to generate silver nanodisks in water by ageing at 40 C for 8 h, and the
size ranging from 40 to 300 nm were obtained by adjusting the molar ratio of CTAB to silver.
However, the major parts of the silver nanoparticles are of truncated shape, with a small
amount of triangles and disks.

400

X. Yang, H. Fu, X. Jiang et al.

To obtain shape and size controlled silver nanoparticles, we recently developed a facile
synergetic reduction method to synthesize silver triangular nanoplates at ambient conditions
(e.g., aqueous solution, room temperature) (Jiang et al. 2006, 2007, 2008, 2009, 2010, Zeng,
Q. et al. 2007). The synergetic reduction approach means the use of a few reducing agents
with different reducing abilities (e.g., citric acid, L-ascorbic acid, and sodium borohydride)
toward the reduction of AgNO3 simultaneously. In our designed approach, the nucleation
reaction is initiated by adding trace of NaBH4 solution, small colloids could be formed at the
beginning, and the subsequent growth of silver nanoplates was achieved by the synergetic
reduction of both citric acid and L-ascorbic acid in aqueous solution at low temperatures. This
synthesis method shows some features such as fast reaction (within 10 minutes), high yield,
large quantity, and nearly monodispersed silver nanoplates.

Figure 2. TEM images (A-F) showing the evolution of the silver nanoparticles from unshaped particles
to triangular plates, and finally circular disks, over 1, 3, 5, 10 min, 10 h, and 100 h, respectively. The
inset of Figure (F) shows a TEM image of the Moir´e fringe pattern formed by stacking two nanodiscs.
(Reprinted with permission from Ref. (Jiang, X. et al. 2006), Jiang, X. C., Zeng, Q. H., and Yu, A. B.
(2006) Nanotechnology 17, 4929. Copyright 2006 IOP Publishing Ltd Printed in the UK.)

In our proposed method, the synergetic effect of three reducing agents of citric acid, Lascorbic acid, and NaBH4 plays a crucial role in determining shape and size of silver
nanoparticles (Jiang et al. 2006, 2007, 2008, 2009, 2010, Zeng, Q. et al. 2007). TEM images
are shown in Figure 2. In the meantime, no triangular silver nanoplates were obtained by the
use of any one or two of the three reducing agents under the reported conditions. This was
because L-ascorbic acid has a weak reducing ability to silver ions at room temperature, and
hence continuously leads to extremely slow reaction and generated Ag atoms, as well as
different shapes. The exact role of each component played in this reaction system needs
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further investigation. Figure 3 shows the UV-vis spectra of particle growth and post evolution
of silver nanoplates in aqueous solution at room temperature.

Figure 3. The UV–vis spectra corresponding to the silver nanocrystals obtained at different times: (A) 1
min, (B) 3 min, (C) 5 min, (D) 10 min, (E) 10 h, and (F) 100 h, respectively. (Reprinted with
permission from Ref. (Jiang, X. et al. 2006), Jiang, X. C., Zeng, Q. H. and Yu, A. B. (2006),
Nanotechnology 17, 4929. Copyright 2006 IOP Publishing Ltd Printed in the UK.)

Recently, our group has successfully prepared silver nanoparticle films on substrates
(glass, silicon, and plastic film) in water, ethanol or their mixture, and without the need of any
heating treatment compared with ‗silver-mirror‘ reaction. By this approach, silver nanoparticles can readily nucleate and grow and then homogeneously deposit onto different
substrates (e.g. glass, plastics) at room temperature, in which hexylamine (HL) plays double
role in reduction and stabilization of SNPs.
The formation of anisotropic silver nanostructures involves at least two steps. First, Ag
nanoparticles with diameters of ≥ 50 nm were formed by reducing hexylamine in ethylene
glycol. Second, because of the heterogeneous nucleation strategy, it forms at preferential sites
such as phase boundaries or impurities like dust and requires less energy than homogeneous
nucleation. At such preferential sites, the effective surface energy is lower, thus, diminishing
the free energy barrier and facilitating nucleation. Surfaces promote nucleation because
wetting – contact angles are greater than zero between phases encourage particles to nucleate.
As a result of this nucleation process, silver nanoparticles with diameters of 150-250 nm were
formed on the substrate. The deposition of big silver nanoparticles reduces the gap between
particles and finally becomes a dense film coating on the substrates (e.g., glass).
A continuous flow microfluidic reactor was designed by Boleininger et al. (2006) who
reported that it offered some advantages over conventional batch-based methods, as described
in literature (Gravesen, P. et al. 1993, Jensen, K. F. 2001). It is straightforward to scale up
either by increasing the throughput or simply running the reactor for longer, which should
reduce the time for transferring processes from laboratory to industrial production. Online
monitoring of the products allows easy process control. Reaction yield, selectivity, and
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kinetics can be improved by exploring a wider parameter space for external parameters like
pressure, temperature and improved reactant mixing. Miniaturization of the flow channels
allows the change of experimental conditions along the reaction path within microseconds
and greatly reduces the volume required to test certain experimental parameters (to
microlitres or even nanolitres). The latter allows the systematic investigation of large
parameter spaces in the development of new synthetic strategies, which proves valuable,
especially if an online readout is available.

Solvothermal Method
Against the hydrothermal method, solvothermal method has been widely investigated in
preparation of silver LD nanostructures (e.g., rods, wires, plates, or disks) because of the
advantages in desirable shape/size control and diverse choices in solvents (e.g., organic
solvent, water, or their mixtures), as well as surface capping agents (surfactants, polymers, or
dual systems). For example, Chen et al. (2002) presented the CTAB-assisted approach to
generate silver nanodisks in water by ageing at 40 C, and the size ranging from 40 to 300 nm
was obtained by adjusting the molar ratio of CTAB to silver, although the reported particles
are major in truncated structure. Zhang et al. (2007) used PVP as a surfactant to assist the
synthesis of silver nanoprisms by heating a water/PVP/n-pentanol ternary system at 95 C for
48 h. This solvothermal reduction method could generate SNPs, however, diverse
morphologies such as triangular, hexagonal, and truncated particles were obtained in the final
product, which may affect further applications.
Pastoriza-Santos et al. (2002b) recently demonstrated a simple procedure leading to
truncated silver nanoprisms by simply boiling silver nitrate in dimethylformamide (DMF) in
the presence of PVP. The authors also suggested that the DMF can be used as both a solvent
and a reducing agent, and the use of higher concentrations of both AgNO3 and PVP proved to
be a crucial factor in determining the final morphology in another work of the same group
(Pastoriza-Santos, I. et al. 2002a). They proposed the growth mechanism involving the
formation of small silver spheres, and then they would aggregate and subsequently
recrystallise into particles with well-defined edges, through a melting-like process. A
continuous variation of nanoprism size was observed during the boiling of reaction system. A
very similar approach was later used by Jiang et al. (2004) who reported the preparation of
silver nanoplates in DMF solution and in the presence of PVP molecules, and assisted by an
ultrasonic process. They also highlighted the role of PVP as a stabilizer and a shape directing
agent to induce triangular shapes through kinetic growth control of various crystal surfaces,
i.e. 111, 110 and 100.
A polyol-mediated synthesis, another representative solvothermal method, was also
widely studied by Sun and his colleagues who demonstrated the shape control of silver
nanoplates through heating ethylene glycol. A combination of surfactant-PVP and high
temperature heating (100-200 °C), this polyol solution could lead to the kinetics or
thermodynamics growth depending on experimental parameters (Jiang, X. et al. 2006, 2007,
2008, Kim, T. Y. et al. 2009, Ni, K. et al. 2008, Zeng, Q. et al. 2007, Sun, Y. 2002a, 2003b,
2007, Tang, X. et al. 2009, Tsuji, M. et al. 2008, Washio, I. et al. 2006, You, T. et al. 2009,
Zhang, W. C. et al. 2008). It was found that the PVP molecules could serve as both a reducing
agent and a surfactant for shape control in the synthesis of metal particles. The dimensions of
the resultant particles were found to be strongly dependent upon reaction conditions such as
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the molar ratio of PVP to AgNO3. If the molar ratio between the repeating unit of PVP and
AgNO3 increases from 1.5 to 3, multiply twinned particles becomes the major product (Sun,
Y. et al. 2002a); while the molar ratio is increased or the molecular weight of PVP is
decreased, the reduction rate would increase, thus nonspherical morphologies (rods, plates, or
cubes) were generated in such an ethylene alcohol. The hydroxyl end groups of PVP reduce
silver ions at a sufficiently slow rate so that the growth of Ag nanocrystals became kinetically
controlled, leading to the formation of nanoplates. Later, Tang et al. (2009) have
demonstrated the effect of gas bubbling was studied for synthesis of silver nanostructures
from a mixture of AgNO3/NaCl/poly (vinylpyrrolidone) (PVP) in ethylene glycol (EG).
Monodispersed silver nanowires were synthesized under oil-bath heating in high yield (>
90% without isolation) using bubbling of air through a reagent solution from ca. 20C to the
boiling point of EG (b.p. ~197 C) for 20 min. By following this protocol, Ni et al. (2008)
reported that the EG–PVP plus NaCl to synthesize Ag nanowires with different aspect ratios
at 170 C.
Recently, our group has used a solvothermal approach to prepare silver nanoparticles
with shape and size control in the ethylene glycol solution (Jiang, X. et al. 2011). A facile and
effective synthesis method was developed for silver nanowires through a polyol-thermal
reaction in autoclaves (160-180 C). By this approach, the generated silver nanowires show
an average diameter of ~40 nm and length up to tens of micrometers with a high yield and
potential for large-scale production. In particular, the twinned crystal structure was observed
in both spherical particles and nanowires, and the possible formation and growth mechanisms
were discussed in our work.
For low-temperature synthesis, other solvents besides water have also been investigated.
Sun et al. (You, T. et al. 2009) presented a simple templateless method for the synthesis of
anisotropic silver nanowires by reducing silver nitrate with dodecylamine in ethanol solution
at a low temperature (<100 C). In this approach, the liquid dodecylamine acted as multiple
roles like complexing, reducing and capping agents. It was found that the molar ratio of
dodecylamine to AgNO3 is an important factor in controlling the aspect ratios of the Ag
nanowires.
Another kind of low-temperature liquids, Ionic liquids (ILs), defined as salts that melt at
or below 100 C, can provide unique properties by selecting the appropriate combination of
ILs assisted cations and anions. Silver nanowires can be achieved by converting Ag+ ions into
elemental metal by EG in the presence of ILs (Kim, T. Y. et al. 2009). N-alkyl imidazoliumbased ILs was explored as soft materials to control the nucleation and to provide a hierarchical organization of the silver nanostructures. The use of 1-butyl-3-methylimidazolium
coupled with methyl sulfate (bmim-MeSO4) plays a key role in the synthesis of silver
nanostructures. To shed light on the growth mechanisms of silver nanoparticles, they also
provided a primary experimental model and examined the effects of changing the IL anions
on the particle shape.

Photochemical Method
Photochemical method is performed in solution assisted by UV-Vis or laser light
illumination. A good example in this field was first reported by Mirkin et al. (Jin, R. et al.
2001, 2003) who demonstrated for the generation of nearly monodispersed silver nanoprisms
through the illumination of visible light, in which the conversion of citrate-capped Ag
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colloids into larger particles with triangular morphology and an edge length of ~100 nm was
observed in the presence of stabilizer such as bis (p-sulfonatophenyl) phenylphosphine
dehydrate dipotassium salt (BSPP), which played a key role in the growth of silver
nanoprisms or nanoplates (Figure 4). They further proposed that the formation of Ag
nanoprisms might be caused by the photoinduced fusion or aggregation of pre-formed
nanoparticles which may serve as nuclei in the formation of triangular plates.
Furthermore, Mirkin et al. (Jin, R. et al. 2003) reported in subsequent work that the
excitation wavelengths could be chosen to control the prism size, so that the use of longer
excitation wavelength could produce larger particles in an edge length of 30-120 nm. They
also proposed that a bimodal nanoprism size distribution could be induced by dual-beam
illumination, and the so-called secondary beam suppressed the fusion of pre-formed
nanoprisms, induced by charge re-distribution on the particle surface resulting from dipole
plasmon excitation. Such a fusion of small prisms would be responsible for the formation of a
secondary population of larger ones, as illustrated in a scheme shown in Figure 4d. Another
study was reported by the same group and they reported an alternative way to regulate the
fusion process of nanoprism by adjusting the pH value, which would be suitable for the
formation of silver nanoprism on gold seeds, irradiated by a laser beam at the wavelength of
550 nm, so that the gold surface plasmon would be preferentially exited at the start of the
aggregation process (Xue, C. et al. 2007a, 2007b).
This technique has been extended by Maillard (2003b) and Callegari groups (2003). They
have reported the formation of Ag nanoprisms through photoinduced conversion of silver
nanospheres into nanoplates or nanoprisms, in which the shape and size can be directly
influenced by illumination wavelengths. They reported a two-step growth mechanism for this
transfer process, in which the colloids were prepared first in a solution by using reducing
agents (e. g., NaBH4), and then the photo-irradiation technique was used for this conversion.
The silver ions could subsequently be photo-reduced and nucleated on the surface of those
initial silver seeds to form larger nanoplates. These photo-reformulation processes can be
driven by room light for the shape and size control by choosing light wavelengths, however, it
may take a few days. Similarly, Rocha and co-workers described that particle size can be
tuned through the choice of the incident wavelength, while the thickness is independent of the
illumination conditions, as observed in the photochemical process (Bastys, V. et al. 2006,
Rocha, T. et al. 2007, 2007a). Moreover, these authors (Rocha, T. C. R. et al. 2007a)
confirmed some aspects of the growth mechanism proposed by Maillard et al. (2003b) and
found that the origin of anisotropic growth is not related to local surface plasmon resonance
excitation, but related to intrinsic aspects of the seeds, such as surface defects or the capping
ligand(s) (Rocha, T. C. R. et al. 2007b).
Assisted by low intensity light emitting diodes (LEDs), Bastys and colleagues (2006)
demonstrated a modified, simple method involving light illumination of silver seeds. The
preparation of Ag nanoprisms with dimensions resulting in high absorption coefficients well
can be achieved within the near-infrared region. For example, particles with intense in-plane
dipolar bands centred at either 1037 or 1491 nm were obtained by using LEDs, and emission
bands are centred at 518 and 653 nm, respectively. Similarly, the particle size was observed to
be dependent upon the illumination wavelength rather than the light wavelength. Their
findings indicated the formation process by consumption of the preformed Ag seeds, but it
seemed to rule out Ostwald ripening, as well as fusion of intermediate prisms (Bastys, V. et
al. 2006).
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Figure 4. The bimodal growth of Ag nanoprisms. (a) TEM image of a sample of Ag nanoprisms formed
using single-beam excitation (550  20 nm); inset, histograms used to characterize the size distribution
as bimodal. (b, c) TEM images of nanoprism stacks showing that nanoprisms have nearly identical
thicknesses (9.8  1.0 nm). (d) Schematic diagram of the proposed light-induced fusion growth of Ag
nanoprisms. (Reprinted with permission from Ref. (Jin, R. et al. 2003), Jin, R., Cao, Y., Hao, E.,
Métraux, G. S., Schatz, G. C., Mirkin, C. A. (2003) Nature 425, 487. Copyright 2003 Macmillan
Publishers Ltd.)

Electrochemical Method
Electrochemical method has been extensively applied for the synthesis of metallic
nanostructures, particularly for anisotropic nanoparticles assisted by porous membrane. Two
main methods have been reported for producing metallic nanorods electrochemically. First,
gold is oxidized to ions at the anode and finally reduced back to metal gold at the cathode in
the form of nanorods. In this process, current is applied to a thin metal (gold) plate used as the
anode, which is immersed in an aqueous electrolyte solution (Wang, Z. L. et al. 1999, Yu et
al. 1997). The electrolyte consists of a mixture of a hydrophilic cationic surfactant, such as
cetyltrimethylammonium bromide, (C16TAB), and a hydrophobic cationic co-surfactant, such
as tetradecylammonium bromide (TDAB). The length of the gold nanorods can be controlled
by changing the ratio between the surfactant and the co-surfactant. Second, a metal electrode
serves as a cathode, to which a hard nanoporous membrane is attached. Metal salt dissolved
in solution is reduced to metallic nanorods in the pores.
Electrodeposition, assisted by template(s), is an elegant and economic approach for the
synthesis of metal nanowires. This can deliver well-defined nanowires with controlled size
and shape. Among the templates, commercially available anodic aluminium oxide (AAO) and
nuclear track-etched polycarbonate (PC) membranes are commonly used. Electrodeposition
of silver nanowires using AAO template has been reported by several research groups
(Riveros, G. et al. 2006, Sauer, G. et al. 2002, Zhang, J. et al. 2002). Recently, the synthesis
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of silver nanowires using PC template in the ionic liquid [EMIm]PF6 was reported by
Kazeminezhad et al. (2007) who demonstrated that silver ions were introduced into the
solution by anodic dissolution of metallic silver in the employed ionic liquid. The ionic liquid
[EMIm] TfO was employed by Abedin et al. (2009) who reported the synthesis of silver
nanowires could be conducted in a PC membrane at a constant potential of −0.3 V for 4 h in
[EMIm] TfO containing 0.2 M Ag (TfO). After removal of the PC membrane by dissolution
in dichloromethane, the electrodeposited Ag nanowires are highly dense with average
diameter of ~200 nm and length of 3 m. Although these ionic liquids can be regarded as
water stable, they partially decompose by long exposure to air generating HF, which is rather
toxic. In particular, it should be pointed that the use of ionic liquids based on anions like PF6−
or BF4− as electrolytes for electrodeposition is no longer recommended by the ionic liquids
community.
To overcome the limitations, Lin et al. (2008) reported the synthesis of silver nanowires
by electrodepositing in a self-ordered nanopores AAO template in acidic silver ionic electrolyte with silver concentrations from 5×10−3 to 2×10−2 M. It was found that most nano- wires
are about 200 nm in diameter and 23 mm in length on a 2-m thick bottom gold electrode
within the pores, indicating all silver nanowires remain at a similar growth rate during the
electrodeposition process so that more uniform and equal length silver nanowires can be
obtained. They were independently parallel with each other with gaps from a few to several
tens of nanometers.
Similarly, the formation of nickel coated layer or core-shell structure can be elucidated,
based on the reduction effect of nickel ions by electrodeposition. When the electrical field
was applied along the wires during deposition, the Ni2+ ions were first moved into the gap
between nanowires and reduced on the surface of the silver nanowires. In the meantime, the
surface condition and composition of the nanowires could vary with electrodeposition time as
well.
Moreover, Peppler et al. (2007) reported a template-based solid state electrochemical
method for fabricating silver nanowires with predefined diameters, depending only on the
pore diameter of the template, porous silicon with pore size in m range while porous
alumina has pore diameters in the nm range. The template pores were filled with silver sulfide
(a mixed silver ions and electronic conductor) by direct chemical reaction of silver and
sulphur, and then placed between a silver foil as anode (bottom side) and a microelectrode
(top side) as cathode. An array of small cylindrical transference cells with diameters in the
range of either micro- or nano-meter was thus obtained. By applying a cathodic voltage to the
microelectrode, silver, in the form of either micro- or nanowires was deposited at ~150C.
The growth rate is controllable by the electric current applied.

Template-assisted Method
Template-assisted method for the synthesis of silver nanoparticles has been widely
studied. The template includes two main types: (1) ‗soft‘ template with flexible and tunable
structure in solution, such as micelles (in water), reverse micelles (water-in-oil emulsions),
DNA molecule networks, or the arrays of organic molecules. They are usually used for
preparing nanostructures due to the constrained effect of the water pool in particle size and
shape. (2) ‗Hard‘ template includes mesoporous materials, alumina membranes, carbon
nanotubes, porous polycarbonate, different from the ‗soft‘ ones because of unique features
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such as uniform pore size, stable in structure, and restrict the formation and growth of
metallic nanoparticles under different conditions. Both templates are discussed in the
following context.

‘Soft’ Templates
Surfactant-directed Method
Surfactant-assisted synthesis of nanoparticles has been widely studied. It is well known
that surfactant molecule is a molecule with a charged or hydrophilic head group and a
hydrophobic tail that can spontaneously organize into micelles (in water) or reverse micelles
(in oil) (Brioude, A. et al. 2005b, Germain, V. et al. 2003, 2005, Maillard, M. et al. 2003a,
Pileni, M. P. 2003). Depending on the concentrations of the surfactant molecules and the
solvent used, both rod-shaped micelles and reverse micelles may be formed. In oil, water is
readily solubilized in the polar core of reverse micelles, and forms a ‗water pool‘. These
spatially and dimensionally constrained ‗water pools‘ can be used as microreactors for the
controlled synthesis of inorganic nanoparticles. Reverse micelles have dynamic characteristics such that upon collision of reverse micelles, ‗water pools‘ can exchange their content,
which allows the co-precipitation or chemical reactions from reactants dissolved in separate
droplets.
In this field, many reports have discussed the role of surfactants in the formation of metal
nanoparticles. Murphy et al. (2005) reviewed the current research in the area of surfactantdirected synthesis of 1D metallic (gold and silver) nanostructures, along with their fascinating
optical properties. El-Sayed and co-workers (Nikoobakht, B. et al. 2003) used a binary
surfactant mixture composed of benzyldimethylhexadecyl ammonium chloride (BDAC) in
combination with C16TAB and varied the BDAC/C16TAB ratios to produce gold nanorods
with aspect ratios of 1.5-10. The different factors such as the head group of the surfactant and
chain length all affect the nature of the nanorods produced, making predictions about
surfactant choice difficult.
One representative example is Pileni and co-workers (Bakshi, M. S. 2010, Fang, J. et al.
2009, Lin, S. C. et al. 2008, Patel, H. A. et al. 2009, Peppler, K. et al. 2007) who used reverse
micelles as a ‗soft‘ template to control the growth of silver and copper nanoparticles, in which
the bis (2-ethyl-hexyl) sulfosuccinate (AOT)/isooctane/water reverse micelles played an
important role in shape/size control. By this method, the silver nanodisk size could be tuned
between 30 and 100 nm by changing the ratio of reducing agent (hydrazine) to silver ions.
The authors also suggested that the stacking faults on Ag {111} facets accounted for the
formation of nanodisks.
Moreover, Pileni et al reported that the control of the reverse micelles (‗soft‘ template)
size by changing the water content enables control of the spherical nanocrystal size (Figure
5A) (Pileni, M. P. 1993). These nanoparticles are amorphous (Weller, H. 1993), but it has
been clearly demonstrated that this is incorrect (Courty, A. et al. 2002). Figure 5 shows silver
nanocrystals having several crystalline structures that were produced simultaneously. The key
parameter in obtaining highly crystalline nanomaterials is the use of a functionalized
surfactant as one of the reactants. Figure 5B shows cylindrical and spherical copper
nanocrystals that have been formed using interconnected cylinder templates in the Cu(AOT)2isooctane-water system. As shown in Figure 5, the as-produced nanoparticles are
characterized with high crystallinity with a 4-fold symmetry for interconnected cylinders
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(Lisiecki, I. et al. 2000). This control of the nanocrystal shape by that of the template has
recently been confirmed (Simmons, B. A. et al. 2002). It is well known that the addition of
phosphatidylcholine to Na(AOT) reverse micelles induces a structural change of the selfassembly, with a change of the spontaneous curvature and formation of worm-like,
cylindrical, reverse micelles that entangle to form gel-like systems (Scartazzini, R. et al.
1988).

Figure 5. The different shapes of copper nanocrystals produced in colloidal self-assemblies of
surfactant-H2O-isoctane solution. The surfactant, S, used is either Na(AOT) or Cu(AOT)2. The water
content w= [H2O]/[S] is related to the droplet radius by R(nm) = 0.15×w. A [AOT] = 0.1 M;
[Cu(AOT)2] = 10–2 M; [N2H4] = 2×10–2 M. a, Reverse micelles. b, Control of nanocrystal size with w,
that is, control of the size of water-in-oil droplets. B, [Cu(AOT)2] = 5×10–2 M, [N2H4] = 1.5×10–1 M,
w= 10. a, Interconnected cylinders. b, formation of spherical and cylindrical nanocrystals. c, cylindrical
particle composed of a set of deformed fcc tetrahedra bounded by (111) faces parallel to the fivefold
axis with additional planes. C, [Cu(AOT)2] = 5×10–2 M, [N2H4] = 1.5×10–1 M, w= 0. a, Supraaggregates. b, Various nanocrystals. c, Particle composed of five deformed fcc tetrahedrals bounded by
(111) planes. d. Large, flat nanocrystals [111]-oriented and limited by (111) faces at the top, bottom and
edges. (Reprinted with permission from Ref. (Pileni, M. P. 2003), Pileni, M. P. (2003) Nat. Mater. 2,
145. Copyright 2003 Nature Publishing Group)

In addition to surfactant-formed micellar or reverse micelles, other ‗soft‘ templates have
also been investigated for the synthesis of silver nanoparticles, such as biomolecules (DNA)
and organic molecules. For instance, DNA molecule has the appropriate molecularrecognition and mechanical properties, but poor electrical characteristics prevent its direct use
in electrical circuits. Braun et al. (1998) described a two-step procedure that may allow the
application of DNA to the construction of functional circuits. The hybridization of the DNA
molecule with surface bound oligonucleotides was used for the first time to allow it to stretch
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between two gold electrodes; the DNA molecule is then used as a template for the vectorial
growth of conductive silver wires with 12 µm length and 100 nm width. Their experimental
results confirm that the recognition capabilities of DNA can be exploited for the targeted
attachment of functional wires. Moreover, the silver aggregates assisted by DNA molecules
could be developed, such as in the standard photographic procedure, using an acidic solution
of hydroquinone and silver ions under low light conditions (Birrell, G. B. et al. 1986, Holgate,
C. S. et al. 1983). Recently, Wei and colleagues described a one-step synthesis of silver
nanoparticles, nanorods, and nanowires on DNA network surface in the absence of surfactant
(Wei, G. et al. 2005). In this case, silver ions were first adsorbed onto the DNA network and
then reduced in sodium borohydride solution. Lu et al. (2009) used DNA molecules as a
template to generate silver nanowires assisted by photo-reduction of sunlight. Silver
nanoparticles could be formed by controlling the size of pores of the DNA network.
Specifically, the diameter of the silver nanoparticles and the aspect ratio of the silver
nanorods and nanowires can be controlled by adjusting the DNA concentration and reduction
time.
Other biomolecules and organic molecules have also been used for the synthesis of silver
nanoparticles. Reches et al. (2003) demonstrated the preparation metal nanowires within
discrete self-assembled peptide nanotubes. Hong et al. (2001) described the synthesis of
single-crystalline silver nanowires of atomic dimensions. The ultrathin silver wires with 0.4
nm width grow to micrometer-scale length inside the pores of self-assembled calix [4]
hydroquinone nanotubes by electro-/photochemical redox reaction in an ambient aqueous
phase. The present subnanowires were proved to be stable under ambient air and aqueous
environments, unlike previously reported metal wires of 1 nm diameter, which existed only
transiently in ultrahigh vacuum. The wires exist as coherently oriented three dimensional
(3D) arrays of ultrahigh density and thus could be used as model systems for investigating 1D
phenomenon and as nanoconnectors for designing nanodevices (Gomez-Kaifer, M. et al.
1994, Taton, T. A. et al. 2000).

Langmuir-Blodgett Template
A variety of organic molecules can form monolayer at the water-air interface through
Langmuir–Blodgett (LB) technique, which is a useful tool for generating functional arrays of
organic or inorganic materials. Liu et al. (2007) reported that 1D silver oxide nanoparticle
arrays, 3 nm in diameter and gap of 2-3 nm among rods, could be synthesized by illuminating
the composite LB monolayers of porphyrin derivatives/Ag+ and n-hexadecyldihydrogen
phosphate (n-HDP)/Ag+ deposited on carbon-coated copper grids with daylight and then
exposing them to air. Moreover, silver nanorods with the width of 15–35 nm and the length of
several hundreds of nanometers were synthesized by irradiating the composite Langmuir
monolayers of porphyrin derivatives/Ag+ and n-HDP/Ag+ by UV light directly at the air/water
interface at room temperature. Based on HRTEM observation and the selected-area electron
diffraction (SAED) pattern, these nanorods are of single crystals with {110} face of the FCC
structure parallel to the air/water interface. The formation of such 1D array of the nanorods
should be attributed to the templating effect of the linear supramolecules, which were formed
by porphyrin derivative or n-HDP molecules in the form of LB monolayers through noncovalent interactions.
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‘Hard’ Templates
Compared with ‗soft‘ templates, a number of ‗hard‘ templates have been used for the
synthesis of silver nanostructures, including alumina membranes (AAO), mesoporous solid
materials, carbon nanotubes, porous polycarbonate and others, which are different from the
‗soft‘ templates (micelles, reverse micelles, DNA molecules and other organic molecules)
because of their unique properties in stability, uniform pore size and ordered arrays for
nanowires.
Anodic Alumina Oxide (AAO)
Anodic alumina oxide (AAO) membrane could be prepared by a template-based
approach combind with ac electrodeposition and subsequent etching of substrate. The AAO,
which was fabricated in oxalic acid solution at a voltage of 40 V, has perfect hexagonally
arranged pore arrays (Figure 6A, a). After the ac electrodeposition, the anodic alumina
channels were filled with Ag nanowires. Zong et al. (2004) reported that transparent Ag
nanowire arrays embedded in AAO template. The image of Ag nanowire arrays viewed from
the bottom of the film is shown in Figure 6A, b, and the Ag nanowires can nucleate in all
pores. Both the energy dispersive X-ray analysis (EDX) pattern (Figure 6A, c) and the XRD
pattern (Figure 6A, d) confirm the existence of elemental Ag. By comparison, the XRD
pattern of Ag shows that the intensity of peak (220) is higher than that of (111), the highest
intensity in the standard XRD pattern, suggesting that a preferred orientation formed during
the growing of the nanowires. As shown in Figure 6B, a, the nanowires have a nearly uniform
diameter, and their aspect ratio exceeds 40 which is determined by pore size. An individual
nanowire shown in Figure 6B, b and its selected area electron diffraction (SAED) pattern
(Figure 6B, c) prove that a single-crystal nanowire was formed under the reported conditions.
Silicon Wafer
For applications in nanotechnology, well-defined structures are commonly required.
Meyer zu Heringdorf et al. (2008) reported that specific dimensions of silver nanoparticles at
selected locations on the surface could be controlled. In the case of the Ag wires on Aufaceted vicinal Si (001), only the lateral dimension of the structures can be adjusted to some
degree. The extremely long Ag wires form along with compact islands on the faceted surface,
and their shape is defined by {11x} side facets of almost arbitrary steepness. This finding of
wire growth on the Au-faceted vicinal Si (001) surface is surprisingly similar to recent studies
of Ag nanowire formation on bare 4 degree vicinal Si (001) surfaces (Roos, K. R. et al. 2005).
Carbon Nanotube
Multi-walled carbon nanotubes (MWCNTs) have been used for preparation of silver
nanowires or coating structures. Yu et al. (2008) demonstrated long and continuous silver
nanowires were formed in MWCNTs after irradiating the suspension of MWCNTs-silver
nitrate solution in the presence of 2-propanol which can induce reduction of silver ions under
irradiation. Microscopic (TEM) observation showed that the silver nanowires could grow up
to 2 µm in length with a well-oriented structure. The length of silver nanowires was
influenced by radiation temperature, and the 2-propanol played a key role in the formation of
silver nanowires within MWCNTs. The filling of Ag into CNTs can be carried out using
capillary interaction when melted metal or solubilized silver salts are pulled into the cavities

Silver Nanoparticles: Synthesis, Growth Mechanism and Bioapplications

411

of CNTs (Chu, A. et al. 1996, Corio, P. et al. 2004, Sloan, J. et al. 1999, Ugarte, D. et al.
1996). Similarly, Borowiak-Palen et al. (2006) used single-walled carbon nanotubes as a
template to produce 100-250 nm long silver nanowires.

Titania Film
As well known, TiO2 is an excellent photocatalyst with ultraviolet (UV) light (Liao, W.
S. et al. 2006, Tung, H. T. et al. 2009). Previous studies have shown that various fcc metallic
nanowires (NWs), including Ag (Chen, T. K. et al. 2005), Au (Hsien-Tse, T. et al. 2008) and
Cu (Tung, H. T. et al. 2008) could be successfully synthesized on TiO2 films by the thermal
reduction of aqueous solutions of silver nitrate (AgNO3), chloroauric acid (HAuCl4), and
copper chloride (CuCl2), respectively. By thermally assisted photoreduction (TAP) of
aqueous silver nitrate (AgNO3) solution on anatase films, Tung et al. (2009) reported that the
vertically grown silver nanowires (Ag NWs) 100–150 nm in diameter and 5–10 mm in length
have been prepared without use of any surfactants, templates or seeds. TiO2 films were
deposited on a silicon wafer obtained by sol-gel and spin-coating with following annealing at
300, 500 or 700C for 8 h in an oxygen atmosphere to obtain crystallized anatase. The sol-gel
solution consists of isopropyl alcohol (IPA) – titanium isopropoxide (TTIP) – hydrogen
chloride (HCl) with a volume ratio of 170:12:0.4 and was stirred for 10 min before ageing for
2 days at room temperature (20 C).

Figure 6. A (a) Top view of AAM template in 0.3 M oxalic acid at 40 V; (b) Ag nanowire arrays
fabricated at ac 6.5 V viewed from the bottom, 5 wt % H 3PO4 removed the barrier layer; (c) EDX
pattern of Ag nanowires/AAM film; (d) XRD pattern of Ag nanowire arrays fabricated at ac 8.5 V. B,
TEM image of Ag nanowires after etching AAM; (b, c) TEM image and selected-area electron
diffraction (SAED) pattern of an individual nanowire fabricated at ac 8.5 V. (Reprinted with permission
from Ref. (Zong, R. L. et al. 2004), Zong, R. L., Zhou, J., Li, Q., Du, B., Li, B., Fu, M., Qi, X. W., Li,
L. T., and Buddhudu, S. (2004) J. Phys. Chem. B 108, 16713. Copyright 2004 The American Chemical
Society.)
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Polystyrene Sphere
A polystyrene (PS) sphere template-assisted method was reported by Hao and colleagues
to prepare SNPs (e.g. silver nanoplates) under the heating of N, N-dimethylformamide (DMF)
solution (Hao, E. et al. 2002). In this case, the DMF solution acts as both solvent and
reducing agent. An aqueous colloidal suspension of carboxylate-functionalized polystyrene
spheres was mixed with AgNO3 and ammonium hydroxide solution first. The reducing
reaction took only several minutes so that the structure of PS particles was not destroyed,
although DMF can slightly decompose to a more easily oxidized amine upon ageing or upon
catalytic decomposition with solid base. The authors also demonstrated that the PS particles
play an essential templating role through electrostatic binding of Ag ions by surface carboxyl
groups of the mesospheres under the surfactant-free conditions. Upon reduction, the adsorbed
Ag atoms presumably serve as nucleation centre for particle formation on the surface of PS
beads. Once nucleation is initiated, the mesospheres may block growth along a certain
direction, effectively templating growth in another (lateral) direction. Thus, some lowdimensional silver nanoparticles were formed in aqueous PS solution.
The room-temperature synthesis of silver nanoparticles in water or ethanol solution has
recently been developed by our research team, and then the as-prepared silver nanoparticles
can deposit on various substrates such as glass, silicon wafer, and plastic film. For example,
different molar ratios of hexylamine (HL) to silver nitrate from 10:1 to 1:5 were tested.
Results show that only nearly spherical particles were obtained. The size of the silver
nanoparticles decreased with the molar ratio of HL to silver. In this case, besides the role of
reducing agent played by HL, it may also be used as a surface protector and controller in
particle shape and size.
Despite many successes in the synthesis via various physical and chemical methods,
some limitations still exist, for example, some of them are empirical in nature and applicable
to vary specific system(s) or critical experimental conditions, and no one single approach
could be developed as a general synthesis route in view of its potential as an efficient, green,
cost-saving, and large-scale production approach for monodisperse silver nanoparticles,
especially for low-dimensional silver nanostructures (plates, rods, and wires). To develop
facile but efficient synthesis strategies for shape, size and function control is still challenging.

GROWTH MECHANISM
In last section, the key advances in some typical synthesis methods for silver
nanoparticles have been briefly overviewed. This section will focus on the mechanics
understanding of particle growth for silver nanostructures, by combination of both
experimental analysis and theoretical program.

Experimental Analysis
Various techniques are available for experimental understanding of the silver
nanostructure, including scanning electron microscopy (SEM), atomic force microscopy
(AFM), X-ray diffraction (XRD), transmission electron microscopy (TEM), and high-
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resolution transmission electron microscopy (HRTEM). Among them, the TEM (Highresolution TEM) technique remains the most commonly used technique for characterizing
nanoparticle characteristics, in which the particle shape and microstructure could be estimated
through the crystallographic analysis of the 2D projection images. The growth mechanisms of
silver nanoplates, as a good example, discussed below are derived largely from the TEM
observations, including surface adsorption control, photoinduced fusion, stacking fault
induction, and aggregate-based orientation.

Surface Adsorption Mechanism
One common experimental explanation on the formation and growth of nanoparticles is
generally accepted by most researchers who used surfactant(s) or polymer(s) to control
particle shape and size. Many surfactants or polymer(s) have been used as surface adsorbates
and/or stabilizers for controlling shape/size and protection from aggregation. This can be
found in previous studies, such as hydrothermal, solvothermal, photochemical,
electrochemical, and template-directed methods. The experimental findings revealed that the
adsorbates or stabilizers (e.g. surfactants, polymers, or ions) could heavily affect the shapes
and sizes of metal nanoparticles by selectively binding certain one crystallographic plane(s),
and hence changing the surface energies and result in preferential growth of nanoparticles to
anisotropic structures (e.g. rods, wires, disks or plates).
The key role of surfactant molecules played in shape control was also confirmed by our
experimental findings in the preparation of silver nanostructures (Jiang, X. et al. 2006, 2007,
2008, 2009a, 2009b, 2010, Zeng, Q. et al. 2007). We observed by microscopic technique
(Figure 7) that various morphologies and sizes could be controlled by using different
surfactants under the similar reaction systems, for example, thiols (e.g. 1-dodecanethiol,
C12SH) lead to irregular silver particles with diameter of ~10 nm (Figure 7d), CTAB to
spherical particles with diameter of ~28 nm (Figure 7c), while PVP to truncated
nanostructures with edge length of ~32 nm (Zeng, Q. et al. 2007). This suggests that different
surfactants have different interactions with the silver crystalline planes (111, 100, and 110),
which leads to different growth rates on different planes and hence different morphologies.
Other cases regarding the surfactant controlled formation of silver nanoparticles were
also demonstrated in our recent work. The influence of PVP molecules on the formation and
growth of 1D silver nanostructure was investigated. The results show that the shape and size
of the nanoparticles were largely affected by the molar ratio of PVP to silver ions. With molar
ratios increasing from 1:1 to 20:1, the shape of nanoparticles would undergo the
transformation from merely spherical particles (in the absence of PVP) to multi-shape
nanoparticles predominantly with nanowires (1:1-5:1), then again to spherical nanoparticles
(7:1-20:1). Silver nanowires could be generated if the ratio was fixed at 3:1, while keeping
the concentration of silver as 0.05 M and heating at 180 C for 2 h.
The stronger surface interaction of PVP molecules with Ag {100} planes can lead the
kinetic growth to 1D silver nanostructure. Energically, for the FCC metals (e.g., Au, Ag, and
Cu), the {111} facets are the most stable among the three (111, 110 and 100), the {100}
facets are the next stable, and the {110} are the least stable ones. The growth rates of the
{110} facets should be much faster than other two facets in the absence of any surfactant(s)
or polymer(s) surface adsorption. The free energy minimization could result in atomic
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preferential growth if the PVP strongly attached on certain one surface, e.g. {100} facets. By
comparison, the interaction between PVP and Ag {111} facets should be much weaker to
enable both ends of the nanorod to grow continuously throughout Ostwald ripening. The
growth rate of silver nanowires was greatly accelerated once the aspect ratio of silver
nanorods reached a critical value.
To further understand the role of surfactant(s) in shape and size control, various
surfactants were investigated in our recent work, including CTAB, AOT, SDS, melamine and
thiols (e.g., C12H25SH). Research shows that the use of PVP but others can lead to the
formation of 1D nanowires. Most of these (AOT, SDS, melamine and thiols) result in the
formation of spheres with different sizes or irregular-shaped particles under the reported
conditions (e.g., concentration of AgNO3 is 0.05 M, the molar ratio of surfactant to silver is
1:3, heated at 180 C for 2 h). Different surfactants have different functional group(s) acting
with silver particle surfaces (111, 110, and 100), and hence different interaction energies
which can largely affect the particle formation and growth.

Figure 7. Shape evolution of silver nanoparticles under different surfactants: (a) AOT for platelike
particles, (b) disks with time, (c) CTAB for spheres and (d) shape maintain by thiols. (Reprinted with
permission from Ref. (Zeng, Q. et al. 2007), Zeng, Q., Jiang, X., Yu, A., and Lu, G. (2007).
Nanotechnology 18, 035708. Copyright 2007 IOP Publishing Ltd Printed in the UK.)
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Similar scenario was reported by Imai et al. (2005) who assumed that the anisotropic
growth resulting in the formation of single crystalline plates and wires is attributed to
stepwise capping of the crystal faces (Figure 8). As described by the authors, the {111}
surfaces of hexagonal plates was suggested to be covered with the H2edta2- - Ag+ complexes.
However, the crystal growth sequentially occurred even on the capped Ag {111} planes, and
the stacked structure was formed at a relatively high supersaturated conditions. When the
silver crystals were prepared by mixing of the precursor solutions in a stirring system, wires
had more complicated structures (Figure 8) were prepared with an extremely high degree of
super saturation. On the other hand, the backbone of the wires is regarded as being the same
as the platy ones because the wires are regularly bent with an angle of 30°. The difference of
the effects could be ascribed to the capping strength that is dependent upon the number of
surface adsorbed ligands. To clearly identify the precise number of the adsorbed molecules on
each unit is still a challenging task.

Figure 8. (A) An electron diffraction pattern of a silver wire (a) and Schematic models of crystal planes
causing the diffraction spots (b) and estimated growth directions of silver wires (c). (B) SEM images of
silver wires exhibiting a complex structure produced in a stirred system using the same precursor
solutions. (Reprinted with permission from Ref. (Imai, H. et al. 2005), Imai, H., Nakamura, H., and
Fukuyo, T. (2005) Cryst. Growth Des. 5, 1073. Copyright 2005 The American Chemical Society.)

Photoinduced Fusion Mechanism
This mechanism is represented by the growth of silver nanoplates from small to large,
probably caused by fusion with assistance of photo irradiation, as reported by Mirkin et al.
(Jin, R. et al. 2001, 2003) who demonstrated a possible photoinduced fusion mechanism in
the synthesis of silver nanoplates, as schematically illustrated in Figure 4. it is possible that
the plasmon excitation does two things: (i) it could redistribute charge on the surfaces of the
nanoprisms to either facilitate (in the case of dipole excitation) or inhibit (in the case of
quadrupole excitation) particle–particle fusion; and (ii) surface plasmon excitation could
facilitate ligand or adsorbate dissociation at the particle edges (as this is where the local fields
are the most intensive (Jin, R. et al. 2001)), allowing the small particles to grow through the
Ostwald ripening or surface-plasmon directed fusion process to larger clusters. The findings
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offer new understanding of particle size control that is initiated and driven by visible or laser
light, however, the detailed mechanism for these types of conversions remains to be
determined.
Later, Maillardet al. (2003b) also confirmed this photoinduced formation and growth
mechanism for silver nanodisks. Starting with a spherical shape for silver nanoparticles
supposed by them, particles grew as spheres and then evolved into well-defined triangular or
disk-like shapes under the surface ligands. For example, the citrate ions played an important
role acting as a ligand and a photoreduction agent in the formation of anisotropic silver
particles. Specifically, for spherical morphology, the seeds absorb light isotropically (equally
for all orientations with respect to the laser polarization).
Furthermore, the authors also discussed why the 2D disks could be formed but not 1D
rods in the photoreduction process in the presence of citrate ions (Maillard, M. et al. 2003b).
If the inhomogeneity occurs in the deposited silver layer, a particle starts to become ellipsoidlike, and the degenerate plasmon resonance splits into transverse and longitudinal modes. The
longitudinal plasmon (along the longer dimension) shifts to longer wavelength, and absorbs
this wavelength more strongly, on a rotationally averaged basis in solution, than the
transverse mode that shifts to shorter wavelengths. If the reduced atoms are deposited in
proportion to the near field intensity enhancement at the surface position, this longer axis
grows preferentially. The process accelerates until the longitudinal plasmon wavelength shifts
beyond the irradiation wavelength, which would result in the formation of anisotropic
geometries.

Stacking Faults Control Mechanism
Stacking faults usually occur in a number of crystal structures, in particular the closepacked crystal structures (e.g. Au, Ag). If the stacking faults occur during crystal growth, it
would affect the morphologies of the final crystals. It is known that silver is one of the fcc
metals which have two favourable morphologies under thermodynamically controlled growth:
truncated nanocubes and multiple twinned particles (Baletto, F. et al. 2005). Yet, it has been
reported that silver may form other kinds of silver morphologies (plate, disk) under
kinetically controlled growth, e.g., at a substantially low silver concentration (Brioude, A. et
al. 2005a, Germain, V. et al. 2003, 2005, Maillard, M. et al. 2003a), related to the formation
of stacking faults.
As a typical example, Pileni et al. (Germain, V. et al. 2003) suggested that it is the
presence of one or more (111) stacking faults lying parallel to the (111) outer surfaces and
extend across the entire silver disk, which is behind the 1/3{422} forbidden reflections
(Figure 9). The HRTEM images show a perfect lattice and exhibits 6-fold symmetry. The
authors have observed that these 3{422} fringes have the following features: (a) they build a
perfect lattice and extend across the entire disk, include the region with a thickness gradient
(for example, at the edge of the disk); and (b) there is no isolated ―island‖ in the entire image
which does not show these 3{422} fringes. However, it still remains a great challenge to
understand the atomic origin of the formation of such stacking faults and to control them
during the growth process.
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Moreover, Pileni et al. (Germain, V. et al. 2003) highlighted that the Ag (111) stacking
fault(s) may be the reason for the occurrence of such forbidden reflections. It is likely that the
growth in parallel to the stacking fault plane is the fastest and most favourable for the
formation of silver nanodisks. Considering a stacking of hexagonal close-packed (111) layers
along the [111] direction with an ABCABCABC… sequence, where A, B and C represent the
three stacking positions for the (111) planes, removal or addition of an A layer would cause a
distortion in the stacking sequence, the projected potential in A positions will be higher than
that in B and C positions by one atom. This is confirmed by their reciprocal spots strongly
elongated along the [111] direction in the selected area electron diffraction (SAED) pattern.
Other researchers suggested that the weak diffraction 1/3{422} spots derive from the local
hexagonal-like structure observed only by atomically flat silver or gold samples, in which the
Ag {111} planes of pure fcc structure would distort slightly (Jin, R. et al. 2001, 2003,
Kirkland, A. I. et al. 1993, Washio, I. et al. 2006). These spots, with the presence of twin
planes parallel to each other, would be a possible reason why the growth of silver nanoplates
could happen (Hao, E. et al. 2002, Kirkland, A. I. et al. 1993, Lofton, C. et al. 2005).

Figure 9. (A) HRTEM image at 400 kV of a silver nanodisk in the [111] orientation. The measured
distance is three times the distance of {422}. In the insert, Fourier transform of the same area; (B) [111]
HRTEM image of silver nanodisk at the edge region. The 3  {422} fringes extend over the edge area;
(C) Sketch of the FCC stacking of 3 layers of atoms along the [111] direction. The projected positions
of the A atoms build a bigger unit cell (3 {422} distance). (Reprinted with permission from Ref.
(Germain, V. et al. 2003), Germain, V., Li, J., Ingert, D., Wang, Z. L., and Pileni, M. P. (2003) J. Phys.
Chem. B 107, 8717. Copyright 2003 The American Chemical Society.)

In this connection, Lofton et al. (2005) proposed that the growth of Ag and Au nanoprisms is similar to silver halide prisms, in which the typical feature is the formation of
twinning planes on [111]-type nanoplates. The authors also highlighted that a twinning-plane
model can direct the shape of the particles into high aspect-ratio platelets via the formation of
re-entrant grooves that are favourable for the addition of atoms, which can reduce the
nucleation energy to form a new atomic layer in these areas and whether the forbidden
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1/3{422} reflections or the [111] twinning planes could be experimentally identified by
advanced techniques (HRTEM).
Based on TEM observations, Takayanagi et al. (1988) demonstrated the presence of
fringes with varying contrast, i.e. dark and bright lines, or bands, or starlike shapes. They
supposed that the origin of these contrast variations was the presence of dislocation networks,
which develop on Ag (111) faces because the surface layer presents lattice parameters slightly
different from those of the bulk material. To accommodate the lattice difference on the
surface layer and inner crystal structure, the reconstruction of the crystalline lattice occurs,
leading to dislocations and visualization of the stress field in the lattice developing toward the
interior.
Rodriguez-González et al. (2006) suggested, contrary to the above mechanism(s), that the
contrast fringes observed in silver nanoplates by TEM technique are likely to have originated
from the so-called bending contours. These contours, which are well known in TEM
characterization of thin films, stem from slight variations in the angle formed between atomic
planes of the same plane (hkl) at the bent area of a crystal. The origin of the bending is
probably due to the stress in the crystalline lattice of nanoprism, which can be related either to
the presence of a hexagonal monolayer on the {111} surfaces or to the presence of stacking
faults in the crystal structure (Germain, V. et al. 2005).
The stacking faults would cause the transition from the FCC crystal cell to the hexagonal
crystal cell. In extreme cases, the hexagonal close packing (hcp, ABAB... close packing)
could be considered as an example of the stacking faults for the FCC crystals, in which the
additional diffractions can be much stronger as compared to the case of a flat plane. Zhang et
al. (2005) described that there should be many stacking faults along the [111] direction in
FCC crystals prepared at room temperature. This is the result of the appearance of such
additional electron diffraction spots caused by the stacking faults, i.e. an imperfect
ABCABC… packing in the FCCmetallic crystals.
A representative explanation is the cyclic penta-twinned silver particles which are
bounded by the {111} planes, i.e. the twinned crystal of the mirror symmetry is due to one
stacking fault on the (111) plane. Figure 10 shows the existence of many stacking faults along
[111] direction in the room-temperature products, which might be the origin of the pentatwinned particles. With the increase of the temperature, the increased thermal energy of atoms
fulfils the energy requirements for the formation of stacking faults, leading to the formation
of the cyclic penta-twinned structures, however, the detailed formation mechanism for the
penta-twinned structure is currently not very clear.
The twinned structures caused by both the stacking faults (errors during the growth) and
intrinsic equilibrium structures of lower energy have been widely investigated. These
observations are consistent with the results obtained for cyclic penta-twinned nanorods of
gold (Johnson, C. J. et al. 2002), copper (Lisiecki, I. et al. 2000) and silver (Chen, H. et al.
2004a). As a consequence, a cyclic penta-twinned FCC structure model (Figure 10a) with five
{111} twinned boundaries and five {100} side surfaces is suggested for silver
nanorods/nanowires synthesized in our experiments. Parts band c of Figure 10 show the
pentagonal cross-section viewed along the 5-fold symmetry axis. In an ideal situation, five
similar subunits are labelled as T1, T2, T3, T4, and T5. Every subunit is twinned with its two
neighbours by two (111) planes. The side surfaces are the {100} facets, and [110] is the
common axial direction. When the electron beam is directed perpendicularly to one side
surface of the nanowire (Figure 10b), T1, T3, and T4 will generate diffraction spots, which
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belong to the [001] (for T1) and the [1h12] (for T3 and T4) crystallographic zones,
respectively. When rotating the nanowire by 18° along the 5-fold axis, we change the
pentagon from the position of Figure 10b to that of Figure 10c such that the electron beam
runs parallel with one side surface of the nanowire. In Figure 10c, the T5 subunit will cause
the diffraction of the [11h0] zone axis, and T2 and T3 will give the diffraction of the [11h1]
zone axis.
In this research area, Chen et al. (2004b) demonstrated at least two of five boundaries in
general could give rise to recognizable spot splits, that is, the 7.4 gap occurring in a
pentagonal rod is shared by three boundaries. Based on HRTEM observations, a new
structural model for the cross-section of five-fold twinned nanorods was proposed. In this
model, the coherent gaps occur at least at two twinning boundaries and the angles are
apparently different. This feature is possibly connected with the growth mechanism of this
kind of nanorod. It is noted that the centre of a nanorod is a unique area for all five twinning
boundaries in conjunction with the presence of a high density of stacking faults due to the
large strain. Hence, further investigations on the defect structures as well as electronic
properties in the centre region must be the significant issues for understanding their
physicochemical properties.
Our group has particularly addressed the twinning structures of silver nanoparticles:
formation and growth. Figure 11A shows the HRTEM image that a multiply twinned
decahedral particle has an imperfect 5-fold twinned structure. 5 crystallites bond together
with Ag {111} lattice planes were clearly observed, and separated and marked by dotted
arrows. Two fcc silver domains share a hexagonal close-packed (hcp) strip which includes
several layers of hcp atoms (where the sequence of {111} planes is ABABAB… ). The joint
{111} lattice planes probably provide a way to release the strain, which would lead to the
formation of larger nanoparticles if the aggregations happened in the incomplete 5-fold
twinned particles (Zhang, S. H. et al. 2005). To make it clear, we used MD simulation to
understand a complete 5-fold twinned decahedral particle, as shown in Figure 11B. However,
the real particles always contain some atomic stacking faults leading to an incomplete 5-fold
twinned structure. A set of five twin boundaries are usually required to generate the
decahedral particle because it is impossible to fill the space of an object of 5-fold symmetry
with only a single-crystalline lattice. Figure 11C shows the SAED of the silver particle (A)
and the diffraction spots could be indexed as {002}, {1-11}, and {-111} planes from [1-1-1]
zone axis of the fcc silver crystal. In the SAED pattern, some additional weak diffraction
spots were observed, probably caused by the double diffraction (Zhang, S. H. et al. 2005).
The corresponding FFT image of the 5-fold twinned particle is shown in Figure 11D, where
the angles between {1-11} & {-111} and {1-11} & {002} planes were estimated to be 70.5°
and 54.7°, respectively. This is useful for better understanding the twinned crystal structure.
To further understand the twinning structure of silver nanorods, the crystallography
structure of one tip of an individual nanorod was checked by HRTEM technique. Figure 12A
shows the HRTEM image that a twinned structure at the end of a nanowire was clearly
observed. Three twinned sections (T1, T2, and T3) show the similar lattice fringe distance of
~2.32 Å, assigned to fcc Ag {111} planes. A twisting angle (~12.5) existed in the {111}
planes between T1  T2 and T2  T3 sections, suggesting the formation of a twinned silver
crystal. Moreover, the lattice fringes with distance of 2.03 Å observed parallel to the growth
direction of silver nanowires could be assigned to {002} planes of the FCC silver crystal.
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The selected area electron diffraction (SAED) corresponding to the silver crystal
nanowire was recorded and shown in Figure 12B, indicating that the silver nanowire was
crystallized but not a single crystal formed because the diffraction spots could not be assigned
to any one particular simple pattern associated with fcc silver crystal. Among them, two or
more sets of diffraction spots were observed in the SAED pattern based on the contrast and
distance to beam centre. Two sets could be indexed as (00-2), (1-1-1), and (1-11) planes
marked in red and green circles, respectively (Chen, D. et al. 2004, Sun, Y. et al. 2003a,
Zhang, S. H. et al. 2005). The fact suggests that the obtained silver nanowires are of multiply
twinned structures. The longitudinal direction of the nanowires is [110], which is commonly
observed in the twinned metal crystals. In addition, a few weak diffraction spots observed are
not attributed to the basic diffraction of silver but can be indexed as the double diffractions
(Johnson, C. J. et al. 2002). This is in agreement with the observations for twinned crystals of
gold (Johnson, C. J. et al. 2002), copper (Lisiecki, I. et al. 2000) and silver nanorods (Chen,
H. et al. 2004a). That is, the stacking faults like twinned structure commonly exist in the
growth of precious metallic nanoparticles.

Figure 10. Schematic models of the silver nanowires. (a) Stereoview of cyclic penta-twinned
nanostructures with five {111} twinned boundaries and five {100} side surfaces. Here one subunit is
explicitly shown. (b-d) the cross-section view along the longitudinal axis [110], i.e. the 5-fold axis.
Panel b corresponds to the electron diffraction pattern where the direction of the electron beam is
perpendicular to one side surface, while c corresponds to the electron diffraction pattern where the
direction of the electron beam is parallel to one side surface. Panel d shows the angular mismatch for
five perfect fcc crystallites to form a planar cyclic penta-twinned structure. (Reprinted with permission
from Ref. (Zhang, S. H. et al. 2005), Zhang, S. H., Jiang, Z. Y., Xie, Z. X., Xu, X., Huang, R. B., and
Zheng, L. S. (2005) J. Phys. Chem. B 109, 9416. Copyright 2005 The American Chemical Society.)
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Aggregate-based Growth Mechanism
The aggregation-based growth mechanism could be found in the report by Banfield et al.
(2000) who interpreted interesting findings in the natural iron oxyhydroxide. The
nanoparticles with interdistance of 2-3 nm could spontaneously aggregate and finally grew
into bulk crystals in a so-called ―oriented attachment‖. They also found that perfect single
crystals were formed when the neighbouring nanoparticles‘ crystallography are parallel
orientation, otherwise dislocations would be caused by slight misorientation between them.
Similarly, this phenomenon could be found in the growth of many semiconductor structures
(Lin, S. et al. 2005, Pacholski, C. et al. 2002, Tang, Z. et al. 2002), different from Ostwald
ripening growth process (Henglein, A. et al. 1999, Silvert, P. Y. et al. 1997, Sun, Y. et al.
2002b).

Figure 11. (A) HRTEM image showing 5-fold symmetry twinned structure of a silver nanoparticle, in
which 5 {111} planes share 5 edges as noted by arrows; (B) the MD simulated scheme of such a 5-fold
symmetry twinned structure where the 5 (111) facets (grey atoms) share 5 edges (coffee atoms); (C) the
corresponding SAED pattern of the 5-fold symmetry twinned structure; and (D) the FFT image directly
obtained from the HRTEM image showing the twinned silver planes, in which the angle of L1L2 is
~70.5 for (1-11) and (-111), and L2L3 is ~54.7 for (-111) and (002) planes, respectively. (Reprinted
with permission from Ref. (Jiang, X. C. et al. 2011), Jiang, X. C., Xiong, S. X., Tian, Z. A., Chen, C.
Y., Chen, W. M., and Yu, A. B. (2011) J. Phys. Chem. C 115 (5), 1800–1810. Copyright 2011 The
American Chemical Society.)
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Sun et al. (2008) reported on the formation of silver nanowires based on the aggregationbased mechanism. In their approach, the strong bond between positive amine and negative
carboxylate ions in cysteine molecules through electrostatic interaction directs the
aggregations of silver NPs. With increasing time, it was found that the size of silver
nanoparticles first increased. Then, a few silver nanowires appeared among the aggregation of
silver nanoparticles, and the average size of silver nanoparticles obviously decreased with
time, indicating that the large nanoparticles contribute to the growth of silver nanowires.
Further, the larger-sized particles transform to nanowires, in which the amount of silver
nanowires increased, and the diameter of particles decreased to smaller than that of silver
nanowires. Finally, the growth of silver nanowires would cease under the reported conditions.
The oriented or aggregate-based growth was also found in our study on the silver
nanowires in V shapes. Figure 13 shows the TEM image that a V-shaped nanowire with
bending angle around 90 (Figure 13A). The SAED pattern was recorded from the joint part
and shown in the inset of Figure 13A. Two or more sets of diffraction spots were observed,
and one set could be indexed as (111), (002), (020), (220) and (311) planes. Figure 13B
shows the HRTEM image of one V-shaped silver nanowire, in which the lattice spacing of
2.30 Å and 2.03 Å could be indexed as {111} and {002} planes, respectively. The formation
of such V-shaped structure was probably caused by sharing a twinned crystal plane. The dotcircled part shows the boundary of the two directions. The square-framed part in the top of
Figure 13B clearly shows the {111} planes sharing a boundary, and the symmetric {111}
planes with an angle of 141 (= 270.5) were estimated according to the HRTEM image, in
agreement with 5-fold twinned planes in a silver nanoparticle (Sun, Y. et al. 2002a, 2002b,
2003a, 2003b, Washio, I. et al. 2006, Wiley, B. et al. 2005).

Figure 12. (A) HRTEM image showing a tip of silver nanowire with twinned structures (T1-T2-T3);
and (B) the corresponding selected area electron diffraction (SAED) pattern with one set of assigned
planes {00-2}, {1-1-1}, and {1-11} of FCC silver crystals. (Reprinted with permission from Ref.
(Jiang, X. C. et al. 2011), Jiang, X. C., Xiong, S. X., Tian, Z. A., Chen, C. Y., Chen, W. M., and Yu, A.
B. (2011) J. Phys. Chem. C 115 (5), 1800–1810. Copyright 2011 The American Chemical Society.)

Similarly, for the 5-fold twinned silver nanowires, Wiley et al. (2005) demonstrated that
the nanowires produced by a solvothermal process with the side surfaces being bounded by
the {100} facets, and the end surfaces being bounded by the {111} facets. They also
described that two dominant factors are critical to this growth mechanism: the multiply
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twinned nanoparticles with the decahedral shape at the initial stage and the surface modifier PVP. In terms of surface-energy minimization, it is favourable to form such a twinned
nanostructure once the particle size has reached a critical value (Marks, L. D. 1994). The twin
boundary is believed to originate from an angular gap or wedge Volterra disclination (Marks,
L. D. 1994, Tian, Z. A. et al. 2009).

Figure 13. (A) TEM image of an V-shaped nanowire with bending angle of ~90° and the corresponding
SAED pattern (inset of TEM image); and (B) the corresponding HRTEM image showing the joint
section caused by (111) lattice match in the two directions. (Reprinted with permission from Ref.
(Jiang, X. C. et al. 2011), Jiang, X. C., Xiong, S. X., Tian, Z. A., Chen, C. Y., Chen, W. M., and Yu, A.
B. (2011) J. Phys. Chem. C 115 (5), 1800–1810. Copyright 2011 The American Chemical Society.)

A multiple V-shaped nanowire was characterized and shown in Figure 14A that the TEM
image for one individual nanowire is of multiple V-shaped structures with different angles
(V1, V2, and V3). The corresponding SAED pattern (Figure 14B) seems difficult to give
indexed spots because of the complicated bending structure. The V1 section was checked by
HRTEM and shown in Figure 14C, where the lattice fringes are clearly observed in two
directions. The lattice spacing of 2.03 Å and 2.30 Å could be indexed as the fcc-Ag {002}
and {111} planes, respectively. The boundary (marked in a blue line) between the two {111}
planes was clearly observed, and the angle between the two groups {111} planes is around
120.
To theoretically understand, an atomic model simulated by molecular dynamics (MD)
method was shown in Figure 14D. The structure was obtained from a freezing nano-particle
at 273 K without any relaxation, which resulted from a rapid cooling simulation for a silver
droplet from 1273 K at cooling rate of 1011 K/s (Tian, Z. A. et al. 2009). The twinned {111}
planes have a twinning angle of 120 in the simulated model (Figure 14D), which is in
reasonable agreement with our experimental observations shown in Figure 14C. Similarly, the
V2 and V3 sections with bending structure were also investigated. In general, the V-shaped
nanowires probably resulted from the twinned fcc silver crystals in this chapter.
The aggregation or oriented growth of silver nanowires could be observed in our study on
the end-to-end or end-to-side fusion process (Jiang, X. C. et al. 2011). Figure 15A shows the
TEM image that two nanowires could fuse via end-to-end process. A small turning angle of
~35 between the two nanowires was estimated. The corresponding SAED pattern recorded
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from the joint of two nanowires was shown in the inset of Figure 18B, in which the
diffraction spots could be indexed as two sets of crystal planes originated from two
nanowires. One set could be indexed as (-1-11), (00-2), and (-11-1) planes, marked with red
circle. And another one marked with green frame could be indexed as the same but rotating at
an angle of ~35, corresponding to the fused two nanowires (Figure 15A). As further
confirmation, the HRTEM image in Figure 15B shows that the dash circled section clearly
showed the joint of two nanowires. The end of the bottom nanorod seems to be embedded
into the end of the top one through crystal lattice match of the terminated {111} planes. Such
a fusion at the end(s) could minimize the surface energy at the end(s) of silver
nanowires/rods. That is, the lattice match provides the possibility for fusion growth of two
nanowires, and the {111} surface energy minimization accelerates the fusion process.
Fused growth of two nanowires via an end-to-side process was shown in Figure 16, as dot
circled section in the TEM image. The corresponding SAED pattern from the joint section
was recorded and shown in the inset of Figure 16A. One set of diffraction spots
corresponding to the crystalline planes parallel to the nanowire marked in red arrow could be
indexed as {-200}, {-1-11}, and {-11-1} planes, respectively. Figure 16B shows the HRTEM
image that the end-to-side fusion section of the two nanowires is clearly observed. The {002}
planes nearly parallel to each other in the two sections sharing the boundary (dot circled area)
due to the lattice match were clearly observed, although there is a small twisting angle
between the lattice fringes marked in green-blue and blue-red lines.

Figure 14. (A) TEM image of an individual silver nanowire with several bending structures (V1, V2,
and V3) with different angles; (B) the corresponding SAED pattern of this nanowire; (C) HRTEM
image showing the joint section of V1 that the bending structure is caused by the twinned (111) planes
with lattice match; (D) the silver atomic symmetry scheme simulated by molecular dynamics (MD)
method, in which the two twinned fcc Ag (111) planes share an atomic edge and match with the
experimental observation. (Reprinted with permission from Ref. (Jiang, X. C. et al. 2011), Jiang, X. C.,
Xiong, S. X., Tian, Z. A., Chen, C. Y., Chen, W. M., and Yu, A. B. (2011) J. Phys. Chem. C 115 (5),
1800–1810. Copyright 2011 The American Chemical Society.)

Both the end-to-end and end-to-side fusion processes of silver nanowires (Figures 15 and
16) could happen at a relatively high temperature (160-200 C). This implies that the twinned
boundaries of MTPs or the {200} facets could not be activated until the temperature was
sufficiently high (e.g. 180 C). It is well known that the melting point of metallic
nanoparticles is much lower than that of the bulk material (Trentler, T. J. et al. 1995). As a
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result, the twin boundaries of MTPs might be slightly melted at relatively high temperatures,
and thus their reactivity could be enhanced compared to that of the bulk solid state. During
the growth process, the slightly melted twinned regions at the end or the side surfaces of a
silver nanowire could serve as intermediate phases to facilitate the transport of silver atoms
from the solution phase to the growing surfaces (Sun, Y. et al. 2003a). In this regard, the
mechanism of our proposed polyol-thermal process seems to be the same as the solutionliquid-solid (SLS) methods for the synthesis of highly crystalline nanowires from III-V
semiconductors and silicon (Holmes, J. D. et al. 2000, Lu, X. et al. 2002, Markowitz, P. D. et
al. 2001).
Despite many efforts, the understanding of anisotropic growth of particles is still limited
by experimental techniques. Many possible factors that may affect the final morphologies of
silver nanoparticle have been identified. These include the state of initial nuclei or seeds (e.g.,
amorphous or crystalline), diffusion rate of silver species from solution onto the crystal
surface, various crystal defects (e.g., points, lines, or planes), additives (e.g., surfactants,
polymers, or reducing agents), as well as synthesis methods and conditions (e.g., template,
light illumination, ultrasonic- or microwave-assistance). Moreover, two or more mechanisms
may occur concurrently or consecutively during one growth process, which needs further
more investigations in the future.

Figure 15. (A) TEM image showing the fused growth of two silver nanowires with an angle of 35
(marked in green and red lines); and (B) the corresponding HRTEM image showing the fused section
by end-to-end approach due to the crystalline lattice match, and the SAED pattern with one set of
diffraction planes (marked in red circles): (-1-11), (00-2), and (-11-1). (Reprinted with permission from
Ref. (Jiang, X. C. et al. 2011), Jiang, X. C., Xiong, S. X., Tian, Z. A., Chen, C. Y., Chen, W. M., and
Yu, A. B. (2011) J. Phys. Chem. C 115 (5), 1800–1810. Copyright 2011 The American Chemical
Society.)
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Theoretical Understanding
The above-mentioned experimental observations and analysis were very much macroscopic and to some degree phenomenological. The theoretical calculations or computational
modellings are indeed required to better understand the principles underlying particle growth
and shape control at atom/molecular scales. Beyond physical techniques, some theoretical
efforts have been made to investigate the molecular origins of the growth mechanisms of
nanoparticles, performed by using density functional theory (DFT) and molecular dynamics
(MD) simulations (Gustav, M. 1908, Garnett, J. C. M. 1904, Hamanaka, Y. et al. 1999,
Tokizaki, T. et al. 1994, West, R. et al. 2003). Here we will discuss two theoretical studies
(DFT and MD) for better understanding the growth mechanisms.

DFT Simulation
Surface blocking of different crystal planes can be used to prevent chemical activity
while allowing other surfaces to dissolve or grow (Yin, Y. et al. 2005). For example, citric
acid is an effective capping agent which demonstrated to block the Ag (111) surface while
allowing the Ag (100) surface to grow (Sun, Y. et al. 2002a). To understand the atomic and
molecular scale, Kilin et al. (2008) used DFT calculation to study the binding affinity
between citric acid and silver crystal planes. They found that citric acid preferentially binds to
Ag (111) plane, promoting crystal growth along the Ag (100) plane and the formation of
silver nanoplates.

Figure 16. (A) TEM image showing a V-shaped fusion of two silver nanowires via end-to-side
approach and the corresponding SAED pattern (inset of TEM image); and (B) the corresponding
HRTEM image of the joint section, probably caused by crystalline lattice match. (Reprinted with
permission from Ref. (Jiang, X. C. et al. 2011), Jiang, X. C., Xiong, S. X., Tian, Z. A., Chen, C. Y.,
Chen, W. M., and Yu, A. B. (2011) J. Phys. Chem. C 115 (5), 1800–1810. Copyright 2011 The
American Chemical Society.)
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Our recent study of using DFT to calculate the binding energy (BE) between gold
surfaces (111, 110, and 100) and adsorbed atoms or molecules of PVP could help in
understanding the growth mechanism of gold nanorods (Kemal, L. et al. 2008). The binding
energy between gold atoms and carbon atoms of PVP represents the attractive or repulsive
force of the adsorbed atoms on certain metal plane, and subsequently affects the growth
orientation of gold nanostructures, even though there is still limitation in explaining the gold
worm-like or complicated structures.
In the PVP-Au system reported in our recent work, the theoretical lattice parameter for
Au was calculated to be 4.201 Å. The PVP molecules interact with each of the gold
crystalline planes (i.e. 111, 110, and 100). The preferential adsorption of PVP molecules on
gold crystal planes was determined by the BE. Such BE was calculated by the following
equation, ΔEBE = EA-B  (EA + EB), where EA-B, EA and EB were the BEs of the gold plane with
PVP (A-B), the isolated gold plane (A), and the isolated PVP (B), respectively. The BE
between PVP and the gold crystallographic planes was calculated as 0.0531, 0.0425, and
0.0197 eV for {111}, {100}, and {110}, respectively. In principle, the higher the BE, the
stronger the adsorption strength. Thus, the PVP adsorbed strongly on the {110} planes,
whereas on the {111} and {100} planes the PVP molecules were slightly repelled. This could
also be confirmed by the shorter distance between Au{110} and the closest carbon atom in
PVP (3.703 Å), in comparison to 3.923 Å for Au{100} and 4.037 Å for Au{111}. The closest
C atom to Au was chosen for distance measurement because this atom better resembled a
pivot for PVP, and the electron density resided in the C, O, and N atoms of PVP. The results
showed that PVP prefers to adsorb on {110} planes and blocks the growth on these planes,
therefore it is not surprising to see the edge-on {110} planes of gold nanorods.

MD Simulation
MD simulation is another useful tool capable for theoretically understanding the growth
mechanisms of crystal nanoparticles by calculation of the interaction energy of individual
crystal surface(s) and surrounding molecules, and then the selective molecular adsorption.
Such information would be useful for mechanism understanding of particle growth at a
molecular scale.
In our recent studies (Jiang, X. et al. 2006, 2007, 2008, 2009a, 2009b, 2010, Zeng, Q. et
al. 2007), we applied MD simulation to explain the shape control of silver nanoplates in the
presence of surfactants (e.g. AOT molecules). To conduct such simulation, for each
crystalline plane we created a representative molecular model, consisting of the silver plane
and a number of surfactant molecules as shown in Figure 17. Such a model was subject to
energy minimization for the structural optimization before performing MD simulation. The
surfactant molecules are randomly placed over the silver surface. During the simulation, it
was observed that the molecules moved towards the silver surface and were mixed due to the
intermolecular interactions between the surfactants. Our MD simulation lasted for 50 ps with
the time-step of 1 fs and the data were collected in the last 20 ps. The results showed that the
total energies of the bare silver are 29978.4, 28648.8, and 28045.8 kcal·mol1 for (100),
(110), and (111) planes, respectively. Their equivalent energies indicate the formation of
thermodynamically favoured truncated or spherical particles (Baletto, F. et al. 2005).
However, with the addition of surfactants, particle shape was closely related to the difference
in interaction energies between each surface and surfactant(s).
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Figure 17. Evolution of AOT molecular adsorption on silver crystal surface (100) at time: (a) 0 ps; (b) 5
ps; (c) 20 ps, (d) 50 ps. Here the silver crystal plane (100) is expressed as dots and AOT is expressed as
sticks containing atoms of sulfur (yellow), oxygen (red), grey (carbon), white (hydrogen) and sodium
(purple). (Reprinted with permission from Ref. (Zeng, Q. et al. 2007), Zeng, Q. H., Jiang, X. C., Yu, A.
B., and Lu, G. (2007) Nanotechnology 18, 035708. Copyright 2007 IOP Publishing Ltd Printed in the
UK.)

The interaction energies were calculated based on the potential energies of the
equilibrated MD models of silver plane with surfactant (e.g. AOT) molecules, isolated silver
plane, and isolated surfactant molecules. They are 249.9, 323.4, and 460.1 kcal·mol1
corresponding to the three silver planes of (100), (110), and (111), respectively (Jiang, X. et
al. 2006, 2007, 2008, 2009a, 2009b, 2010, Zeng, Q. et al. 2007). The negative energies
indicate that AOT molecules are likely to be adsorbed on the silver crystal planes, and the
large negative interaction energy of Ag (111)-AOT indicates that the AOT molecules have a
stronger interaction with the (111) plane than with the (110) and (100) planes. Subsequently,
the selective adsorption would reduce the sites available for adsorbing silver atoms on the
(111) plane. In this AOT-Ag system, the stronger interaction of AOT-Ag{111} planes restrict
the growth on this plane, and hence the other two planes {110} and {100} grow faster. This
will benefit the formation of silver nanoplates.
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Moreover, the crystal shape is theoretically determined by the relative diffusion rate and
binding strength of particles (e.g., ions, atoms, molecules, or clusters) on crystal surfaces.
Thus, the surfaces that grow slowest appear as largely developed surfaces. The growth rates
are determined primarily by the binding strength between particles and crystal surface.
However, any factors that may change the diffusion rate on a surface will influence the
crystallization habit, including temperature, super saturation, solvent, additive, and impurity.
Due to such complexity, it is still challenging to experimentally control the final morphology
and to theoretically explore precisely the growth mechanisms of nanoparticles.

FUNCTIONAL PROPERTIES AND BIOAPPLICATIONS
The development of various synthetic methods and theoretical understanding of the
growth mechanisms would facilitate the advances toward the functional properties and
potential applications of silver nanoparticles in different areas. In this section, we aim to
describe the optical properties of silver nanoparticles, starting from the origin of the intrinsic
optical properties for noble metals (Au, Ag). Finally, the potential applications of silver
nanoparticles associated with optical properties (e.g., SERS and LSPRs), highlighting the
bioapplications of such silver nanoparticles including: antimicrobial, biosensor, biomedicine
and safety issues.

Functional Properties
Optical Properties
Surface Plasmon Resonance (SPR)
The optical properties of noble metal nanoparticles have been of great interest because of
many applications in optical devices and bioapplications (Hache, F. et al. 1986, Haglund, J.
R. F. et al. 1993, Tokizaki, T. et al. 1994, Uchida, K. et al. 1994, West, R. et al. 2003). The
intensive color of metal colloids originates from their surface plasmon resonance (SPR),
which is oscillation modes arising when an electromagnetic field (in the visible range for Au,
Ag and Cu) is coupled to the collective oscillations of conduction electrons (Kemal, L. et al.
2008). Silver nanoparticles normally exhibit intensive SPR in the wavelength range of 300900 nm dependent on their dimensions. To date, many studies concentrate on the optical
applications (e.g., chemical and biochemical sensors) of silver nanoparticles with various
morphologies (e.g., rods, wires, and spheres) or their arrays served as substrates (Bloemer, M.
J. et al. 1988, Bohren, C. F. et al. 1983, Hulteen, J. C. et al. 1999, Kneipp, K. et al. 2002,
McFarland, A. D. et al. 2005, Muniz-Miranda, M. 2001, Shanmukh, S. et al. 2006, Tao, A. et
al. 2003b, Zhong, X. et al. 2009). For example, rod-type silver nanoparticles exhibit two
characteristic SPR bands, including the transverse SPR ( ) and the longitudinal SPR ( ),
depending on the light polarization direction to the principal axis (Bohren, C. F. et al. 1983).
The peak position of the transverse SPR is similar to that of spherical particles. However, the
peak position of the longitudinal SPR depends dramatically on the axial ratio (b/a) (Bloemer,
M. J. et al. 1988). SPRs have given us the characterization techniques of enhanced Raman
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spectroscopy and fluorescence imaging. In medicine, plasmonic phenomena are involved in
the photo-thermal destruction of cancer cells. In energy, improved photovoltaic devices come
from exploiting plasmonic properties.

Local Surface Plasmon Resonance (LSPR)
The concept of localized surface plasmon resonance (LSPR) was introduced to describe
the signature optical property of a metallic nanoparticle (Kelly, K. L. et al. 2002). This
resonance occurs when the correct wavelength of light strikes a metallic nanoparticle, causing
the plasma of conduction electrons to oscillate collectively. The LSPR frequency is quite
sensitive to the particle characteristics (shape, size, composition, and inter-particle spacing)
and the dielectric properties of the surrounding media (Kreibig, U. et al. 1995). For
anisotropic particles, their unique LSPR modes arise from different orientations of the particle
with respect to the electric field of the incident electromagnetic radiation (Kelly, K. L. et al.
2002, Liz-Marzán, L. M. 2005). Spherical silver and gold nanoparticles have single plasmon
absorption bands at 400 and 510 nm, respectively, which are relatively independent of
particle size. van Duyne group (Haes, A. J. et al. 2004, 2005a, Malinsky, M. D. et al. 2001,
McFarland, A. D. et al. 2003, 2005, Willets, K. A. et al. 2007) explored the optical properties
of Ag nanoparticles (in-plane width of 100 nm and out-of-plane height of 50 nm) chemically
modified with alkane thiol self-assembled monolayers by measuring the LSPRs using UV-Vis
spectroscopy. They also suggested that silver nanoparticles of different shapes show different
refractive-index sensitivities, for instance, rods show the highest sensitivity followed by
triangles, and then spheres. Individual silver nanoparticles or their arrays were applied for
real-time optical sensors based on localized surface plasma resonance (Kelly, K. L. et al.
2002, Miller, M. M. et al. 2005, Nie, S. et al. 1997, Willets, K. A. et al. 2007). Additionally,
silver nanoparticles were also used to evoke intensive chemiluminescence with tris (2,2'bipyridyl) ruthenium(II) and cerium(IV) (Gorman, B. A. et al. 2007). Coupled planar silver
nanoparticle arrays were used for refractive index sensors (Serhiy, M. et al. 2006).
The LSPRs could be heavily affected by particle morphology, size, distribution, and
aspect ratio (the ratio of lateral dimension and thickness for nanoplates) (Murphy, C. J. et al.
2005). The LSPR frequency is affected by the refractive index of the medium surrounding the
particles, which is the basis for LSPR-based biosensors. Pastoriza-Santos et al. (Washio, I. et
al. 2006) described that upon solvent exchange from DMF to water (refractive indices of
1.426 and 1.333, respectively), the in-plane dipolar resonance of Ag nanoprism dispersion
shifted toward shorter wavelengths by nearly 40 nm, while only around 5 nm shift was
observed for spherical silver nanoparticles (Pastoriza-Santos, I. 2003). Mirkin et al. (Xue, C.
et al. 2007b) reported the colour change in thin films fabricated by deposition of silver
nanoprisms from a colloidal solution onto a glass surface, when the films were immersed in
water, as compared to air (refractive indices of 1.333 and 1.0, respectively). Measurements
show that the dipolar plasmon wavelength of Ag nanoprisms depends linearly on the
refractive index of surrounding medium, though the agreement was not found with the
corresponding slopes (Kelly, K. L. et al. 2002). By measuring dark-field scattering spectra of
individual single nanoprisms in different dielectric environments, van Duyne et al. (Sherry, L.
J. et al. 2006) reported the environmental sensitivity of silver nanoprisms.
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Surface Plasmon Polariton (SPP)
Surface plasmon polariton (SPP) modes resulting from coupling of surface plasmons with
light (the wavelength depends on the substance and its geometry) have attracted more
attention (Barnes, W. L. et al. 2003, Maier, S. A. et al. 2003, Raether, H. 1988). This is
another unique optical property of metallic nanostructures to couple, sustain and guide
electromagnetic waves along their surface. This makes them potentially important for the
development of sub-diffraction analogs of optical devices (Ditlbacher, H. et al. 2002, Pacifici,
D. et al. 2007), and for ultra-high resolution photolithography. (Hubert, C. et al. 2005, Li, M.
et al. 2007, Luo, X. et al. 2004, Stockman, M. I. 2004, Wu, B. et al. 2005) Single-crystal
silver nanowires have SPP propagation lengths of approximately 10 mm (Ditlbacher, H. et al.
2005, Wiley, B. J. et al. 2008), whereas nanowires with a penta-twinned crystal structure have
propagation lengths of ca. 3 mm (Sanders, A. W. et al. 2006). Staleva et al. (2009) presented a
transient absorption study of the response of single silver nanowires to ultrafast laser
excitation performed with diffraction-limited spatial resolution. Both transient absorption
images and time-resolved traces were presented. The images showed enhanced signal at the
ends of the wires, consistent with coupling to propagating SPP modes (Knight, M. W. et al.
2007, Sanders, A. W. et al. 2006, Wiley, B. J. et al. 2008).
The near-field signal from the Ag nanowires was discriminated against at the tipscattered far-field background by demodulation at the second-harmonic of the tip sample
dither frequency (Esteban, R. et al. 2007, Hillenbrand, F. K. R. 2004). Optical phase
information is obtained by interferometric homodyne detection using a modified
implementation compared to previous methods (Hillenbrand, F. K. R. 2004, Kim, Z. H. et al.
2008, Ocelic, N. et al. 2006). The nonlinear optical coefficients of ellipsoidal silver nanoparticles were measured in the longitudinal surface plasmon absorption range (800 nm). In
recent years, much work has been done on the nonlinear optical properties of silver
nanoparticles in various glass matrices and liquids (Ganeev, R. et al. 2004, 2005, Kyoung, M.
et al. 1999, Zong, R. et al. 2004).
Surface Enhanced Raman Scattering (SERS)
SERS is a spectroscopic technique which combines modern laser spectroscopy with the
exciting optical properties of metallic nanostructures, resulting in strongly increased Raman
signals when molecules attach to nanometre-sized gold and silver nanostructures. The
operational mechanism of SERS is often described by two general contributing anisotropic
metallic nanoparticles (nanorods, and plates) having all of the characteristics that make them
excellent candidates as SERS substrates. The SERS phenomenon, a powerful tool for
determining vibrational information for molecules adsorbed by metallic nanoparticles (10–
200 nm) has been widely studied (Kyoung, M. et al. 1999). SERS operates by measuring the
effective Raman cross-section of the target molecules, which is largely enhanced when the
molecule is in contact with a metallic surface (Otto, A. 1984, Kyoung, M. et al. 1999,
Moskovits, M. 1985).
To enhance SERS performance, the arrays of metallic nanorods and nanowires were
often used for the SERS of sensing detection of organic molecules. The Ag nanowire/G5
DAB-Am dendrimer LBL substrates are water insoluble and can be used for solution casting,
and Langmuir-Blodgett applications, allowing the transfer of monolayers at the air-water
interface. The application of these substrates to ultrasensitive analysis is illustrated with small
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molecules and dyes when examining both resonant (SERRS) and non-resonant (SERS)
surface-enhanced Raman scattering with several laser lines.
The disputes on the SERS enhancement effect of silver nanoplates with respect to their
geometries can be found in different studies. Zhang et al. (2005) observed that Ag nanoplates
are less efficient than wires or spheres (on the basis of more favourable interactions of active
crystal faces with organic molecules), while Van Duyne et al. (Yang, W. H. et al. 1996)
reported a higher activity of triangular plates for SERS detection, due to sharper corners and
edges. Thus, it is difficult to drive a general conclusion, since the existing reports have not
taken into account all factors that potentially influence SERS enhancement.
SERS of gold and silver nanoparticles has been used for ultrasensitive detection limits
including single molecule sensitivity (Aroca, R. F. et al. 2004, Kneipp, K. et al. 1997, Xu, H.
et al. 1999), bacteria (Premasiri, W. R. et al. 2004), and viruses using direct spectroscopic
characterization or reporter molecule sandwich assemblies (Driskell, J. D. et al. 2005).
However, this remarkable analytical sensitivity has, for the most part, not translated into the
development of practical in-situ diagnostic SERS probes (Moskovits, M. 2005). This is due in
large part to the difficulty in easily preparing robust, metal-coated substrates of the correct
surface morphology that provide maximum SERS enhancements. Jeong et al. (2004)
discussed the SERS signal of a dye molecule adsorbed on a raft of aligned silver nanowires
showing striking polarization effects. The observations are adequately described using the
classical electromagnetic response of the interacting metal nanoobjects to the incident optical
fields and to the intense scattered fields arising from the surface plasmons induced in the
metallic nanostructures. Baik et al. (2009) reported the formation of nanogaps by
electromigration (and possibly also by surface diffusion) in silver nanowires fabricated in
porous AAO membrane, followed by polarized SERS measurements on Rhodamine 6G
(R6G) molecules infused into the gap. For gaps that uniformly divided the nanowire across its
width, the surface enhanced Raman spectroscopy intensity was maximum when the electric
vector of the exciting light was oriented across the gap, as predicted by electromagnetic
enhancement calculations.

Electronic Properties
Silver is an attractive material because it exhibits the highest electrical conductivity
among all metals. Silver nanowires may provide an ideal system for the experimental study of
the quantum transport phenomena. The physical properties of silver nanowires have recently
attracted intensive attention, as well as the classical electron transport properties (Bid, A. et
al. 2006, Wiley, B. J. et al. 2006) and the mechanical properties have been reported (Jing, G.
Y. et al. 2006). Liao et al. (2009) reported the electron transport properties of single Ag
nanowires sheathed by an insulated amorphous layer. The electrodes were fabricated by
focused ion beam induced Pt deposition, and the surface insulated layer was destroyed by
ions. Thus, good contacts were made between the electrodes and the inner Ag nanowire. At
the same time, disorders may also be introduced into the nanowire due to the ion irradiation.
The temperature dependence of resistivity indicates that the electron transport mechanism
transforms from classical electron–phonon scattering to interference between electronphonon-impurity scattering, and to electron–electron interaction as the temperature decreases
gradually from room temperature to 2 K. At 2 K, a positive magnetoresistance was observed,
which is ascribed to the electron–electron interaction combined with spin–orbit scattering.
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Moreover, it is found that the resistivity decreases with increasing voltage, and the
corresponding mechanisms were discussed.
Electron transport properties of mesoscopic low-dimensional electronic system have been
widely studied due to its novel physical properties, such as quantum interference effects
(QIEs) (Liao, Z. M. et al. 2009, Phillipson, S. L. et al. 1998, Rossi, F. et al. 1998, Tans, S. J.
et al. 1998). Weak localization (WL) and electron–electron interaction (EEI) are the main
QIEs in a disordered metal system. In the WL regime, the electron waves propagating along
the time reversed paths interfere constructively thus leading to an increased return probability
of the electron and an increased resistivity (Taylor, P. L. et al. 2002). For the EEI theory, it
predicts a positive magnetoresistance (MR) and −√T dependence of the resistivity at low
temperatures (Pollak, M. et al. 1985).

Chemical Properties
Stability
The structural and optical stability of nanoparticles directly influence their application
involving plasmon-enhanced spectroscopes. Recently, our study showed that the silver
nanoplates stabilized by AOT molecules in aqueous solution could evolve in shape and
transform into other morphologies such as intermediate of triangle and disks, and disks (Jiang
et al. 2007). Thiol-frozen approach was developed by our group to stabilize the triangular
silver nanoplates in aqueous solution. Thiols (CnH2n+1SH, n= 6-16) with different carbon
chain lengths were chosen to modify the surface of silver nanoplates, in which the addition of
thiol(s) or cysteine could prevent silver nanoplate surface sensitivity toward inorganic ions,
indicating the surface functionality of thiols acting on the metallic nanoparticles. It is believed
that the strong affinity of −SH head groups on metals (e.g., Au, Ag, Cd and Zn) could lead to
intensive surface adsorption of thiol molecules on silver surfaces in this system (Ingram, R. S.
et al. 1997, Malinsky, M. D. et al. 2001, Martin, J. E. et al. 2000, McFarland, A. D. et al.
2003, Prasad, B. L. V. et al. 2002, Sastry, M. et al. 1998, Song, Y. et al. 2003, Ulman, A.
1996, Weisbecker, C. S. et al. 1996, Zweifel, D. A. et al. 2005).
Galvanic Reactivity
Silver nanoplates and nanodisks have higher surface-to-volume ratios and higher surface
areas than that of spherical particles, such that they exhibit high chemical activity and can be
applied in many areas of physics, chemistry and material science. It can be addressed using
gold ions etch silver particles.
Besides the stability and electrochemical property, the hardness and elastic modulus of a
silver nanowire was also reported and measured using a nanoindenter by Li et al. (2003).
They found that the silver nanowire is comparable in hardness and elastic modulus to bulk
silver. The silver nanowires exhibit size-dependent hardness; the nanoscale hardness of silver
nanowires is about twice as high as the macro/microscale indentation hardness of the bulk
single crystal. Such size-dependent hardness was also found in the bulk silver single crystal
with indentation depths of less than 1 m (Ma, Q. et al. 1995, Zhao, M. et al. 2003). The
hardness obtained from large indentations with indentation depths larger than 1 m is about
0.4 GPa. The indentation size effect in silver in the micro/nanometer range is due to the large
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strain gradients inherent in small indentations which lead to geometrically necessary
dislocations.

Bioapplications
Silver nanoparticles have received strong interest because of their unique optic,
electronic, and physico-chemical properties, followed by some potential applications explored
in many areas based on surface plasmon resonances, such as optical probes, ionic sensing
detection, catalysts and bioapplications. In this chapter, we will concentrate on their
bioapplications (e.g. antibacterial, biomedicine, and biosensor cytotoxicity and genotoxicity
related to human health), as discussed below.
Table1. Recent studies on the antibacterial activity using SNPs
Microorganism tested
P. aeruginosa
Salmonella typhi
E. coli
Vibrio cholera
S. typhi
E. coli
S. aureus
E. coli
P. aeruginosa
S.epidermidis
Enterococcus faecalis
Enterococcus faecium
S. aureus
Klebsiellapneumoniae
Bacillus subtilis(3 strains)
E. coli (4 strains)
S. aureus (3 strains)

Results
Bactericidal effect of SNPs is size-dependent, with
smaller SNPs being more potent antibacterial agents.
Morphology was also important, with octahedral and
decahedral particles having more highly reactive
facets.
Antibacterial effect of SNPs was dose-dependent;
SNPs more potent against Gram-negative (e.g. E. coli
and S. typhi) than Gram-positive bacteria (e.g. S.
aureus).
Different reducing agents were used to form SNPs of
different sizes; smaller size SNPs exhibited more
antibacterial activity against a range of different
bacteria. Minimum inhibitory concentrations were
1.69 – 54.00 mg/ml.

Refs.
(Asharani, P. V. et
al. 2008a,
Morones, J. R. et
al. 2005)

Some strains of E. coli more resistant to bactericidal
effects of SNPs than strains of S. aureus,
contradicting earlier reports that Gram-negative are
more sensitive to silver than Gram-positive bacteria;
the authors attributed this to the fact that previous
studies tested one strain of each bacterium rather than
multiple strains.

(Ruparelia, J. P. et
al. 2008)

(Shrivastava, S. et
al. 2007)

(Panáček, A. et al.
2006)

Antimicrobacterial
The broad-spectrum antimicrobial properties of silver have been well known, evidenced
by its current use in clinic, water/air purification, food production, and cosmetics (Atiyeh, B.
S. et al. 2007, Gupta, A. et al. 1998, Nomiya, K. et al. 2004). Because of the growing
resistance of microbes against conventional antibiotics, the development of new antibacterial
agent has become an urgent issue for public health (Kuroda, K. et al. 2005, Li, Z. et al. 2006,
Makovitzki, A. et al. 2006). It has been accepted that silver and silver nanoparticles in
aqueous solution can release silver ions, which are biologically active and mediate the
bactericidal effect (Lok, C. N. et al. 2007, Morones, J. R. et al. 2005, Sanpui, P. et al. 2008,
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Shrivastava, S. et al. 2007, Yang, W. J. et al. 2009). This mechanism has not been fully
understood, while the observations from recent studies show some interactions involved
(Carlson, C. et al. 2008, Pal, S. et al. 2007, Park, H. J. et al. 2009, and Silver, S. 2003). It has
been reported that silver ions could produce the bactericidal effect by interacting with three
main components of the bacterial cell: the peptidoglycan cell wall (Yamanaka, M. et al. 2005)
and the plasma membrane (Jung, W. K. et al. 2008); bacterial (cytoplasmic) DNA
(Shrivastava, S. et al. 2007, and Yang, W. et al. 2009); and bacterial proteins (Yamanaka, M.
et al. 2005), especially enzymes involved in vital cellular processes.
A study comparing antibacterial activity of SNPs, silver nitrate and silver chloride
revealed that the SNPs have higher antibacterial potential than free silver ions (Choi, O. et al.
2008a). This suggests that SNPs has inherent antibacterial properties which are not related
with Ag ions. The SNPs interact vastly with bacterial cell walls and then cause lysis (Sondi, I.
et al. 2004, and Yamanaka, M. et al. 2005). Other reports demonstrate that SNPs produce
reactive oxygen species (ROS), which may explain both antibacterial activity and potential
toxicity to humans (AshaRani, P. et al. 2008b, Carlson, C. et al. 2008, Choi, O. et al. 2008b,
Foldbjerg, R. et al. 2009, Huang, H. et al. 1996, and Kapoor, S. 1998).
The antibacterial mechanism of SNPs has been studied by proteomics using 2D
electrophoresis in conjunction with mass spectroscopy of protein samples from silver
nanoparticle treated Escherichia coli cells (Lok, C. N. et al. 2006). This analysis revealed that
outer-membrane protein precursors (OmpA, OmpC, and OmpF) were all regulated after SNP
were treated and reflected a compensatory mechanism to counter damage the cell wall that
both silver ions and SNPs could inflict (Morones, J. R. et al. 2005, Pal, S. et al. 2007).
Disruption of the bacterial cell wall and membrane causes collapse of the proton motive force
and inhibits ATP synthesis (Lok, C. N. et al. 2006).
Recent research investigations show that the SNPs could exhibit antibacterial effects
against a mass of bacterial species as listed in Table 1. Although there are uncertain issues
regarding the action of SNPs on the major antibacterial effect, it is commonly believed that a
combined effect in which each function plays the role in providing broad spectrum
antibacterial activity, e.g., interaction with the cell wall or plasma membrane, bacterial DNA
and bacterial proteins. Furthermore, bacterial resistance to SNPs is extremely rare (Silver, S.
2003), indicating the presence of multiple synergy anti-bactericidal mechanisms.

Biomedicine
The medical applications of SNPs have been widely evaluated and developed in the past.
Up to now, there are a number of nanosilver related products commercially available in
clinics or hospitals (Table 2). With further medical understanding, more innovative
applications are being proposed.
A good antibacterial agent in medical field needs to meet several requirements, such as
high levels of bactericidal activity, prolonged activity, broad spectrum of against bacteria,
biocompatibility and low toxicity. The coating should be reproducible, inexpensive and
disposable to minimize environmental damage. For use in cardiovascular applications (e.g.
stents and venous catheters), the antibacterial coating must exhibit appropriate hem
compatibility to prevent thrombosis (Stevens, K. N. J. et al. 2009). In this part, some popular
SNPs medical applications are briefly reviewed, including cardiovascular implants, catheters
and wound dressings.
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Table 2. Commercially available medical products containing SNPs

Product
Acticoat™

ON-Q
SilverSoaker™

SilvaSorb®

Silverline®

Company
Description
Smith & Nephew Nanocrystalline
silver for wound
dressing.
I-Flow
Silver-NP-coated
Corporation
catheter for drug
delivery.
Medline Industries Antibacterial
and AcryMed
products:
hand gels,wound
dressings, and cavity
filler.
Spiegelberg
Polyurethane
ventricular catheter
impregnated with
SNPs.

Clinical uses
Dressing for a range of wounds including
burns and ulcers; prevents bacterial infection
and improves wound healing.
Delivery of medication (e.g. local anesthetics
or analgesics) per-, peri- or post-operatively
for pain management or for antibiotic
treatment.
Wound dressings and cavity filler prevent
bacterial infection. Hand gels used to disinfect
skin in clinical and personal hygiene purposes.

Neurosurgical drain of CSF for hydrocephalus.
Also can be adapted for use as shunts.
Antibacterial silver NP coating prevents
catheter-associated infections.

Cardiovascular Implants
In the 19th century, metallic silver was applied to coat prosthetic silicone heart valve to
reduce the incidence of endocarditic caused by valve replacement (Grunkemeier, G. L. et al.
2006). The mechanism behind the use of silver in cardiovascular implants is to prevent
bacterial growth on the surface of the silicone valve, thus reducing inflammation of the heart.
However, the clinical trial was stopped because of elevated rates of paravalvular leakage in
patients. Researchers revealed that inhibition of normal fibroblast function and
hypersensitivity was the main problems (Jamieson, W. D. et al. 2009). Recently, a diamondlike carbon with 4-nm SNPs embedded nanocomposites was synthesized and investigated as a
surface coating for cardiovascular medical devices (Andara, M. et al. 2006). Platelet adhesion
studies have proved to decrease platelet attachment to the surface of the nanocomposites, and
those that did adhere were randomly distributed, indicating that the material has
antithrombogenic properties (Andara, M. et al. 2006).
Bone Cement
Bone cement has been used for the secure attachment of joint prostheses in hip and knee
replacement surgery. The SNPs can be used as an antibacterial additive to poly (methyl
methacrylate) (PMMA) bone cement (Alt, V. et al. 2004). The application of antibioticloaded bone cements has significantly reduced infection, but reliance on antibiotics is
undesirable because bacterial resistance can quickly develop (Jiranek, W. A. et al. 2006). The
SNPs containing PMMA bone cement have demonstrated an alternative way to decrease the
incidence of resistance, and showed wide spectrum of antibacterial activity towards
methicillin-resistant S. epidermidis and S. aureus, as well as showed low cytotoxicity.
However, the biocompatibility of such materials was still being investigated (Alt, V. et al.
2004).
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Wound Dressings
Typical dressings consist of two layers of polyethylene mesh forming a sandwich around
a layer of polyester gauze. Nanoscale silver wound dressings have been commercially
available for over a decade (e.g., ActicoatTM) and are in current clinical use for the treatment
of various wounds, including burns (Chen, J. et al. 2006, Huang, Y. et al. 2007, Vlachou, E.
et al. 2007), toxic epidermal necrolysis (Asz, J. et al. 2006), chronic ulcers (Sibbald, R. G. et
al. 2007), and pemphigus (Yang, J. Y. et al. 2007). One randomized clinical trial tested the
efficacy of nanocrystalline silver versus a controlled group of conventional silver sulfadiazine
on different burn wounds (Huang, Y. et al. 2007). The nanocrystalline silver dressings
significantly decreased wound healing time by an average of 3.35 days and increased
bacterial clearance from infected wounds. No adverse effects were observed for the dressing
(Huang, Y. et al. 2007). Another clinical trial examined nanosliver dressings in treating
second degree burns demonstrated the superiority of nanosliver dressings in reducing the
healing time for superficial burn wounds (Chen, J. T. 2006). However, there was no
significant difference in healing of deep burn wounds when compared with 1% silver
sulfadiazine.
A recent chitosan-nanocrystalline silver dressing showed superior healing rates (89%) to
silver sulfadiazine dressings (68%) and chitosan film (74%) (Lu, S. et al. 2008). In addition,
the chitosan-nanocrystalline silver dressing deposited far less silver than conventional silver
sulfadiazine, thus demonstrating the use of SNPs may be safer in reducing the incidence of
argyria (skin discoloration) and argyremia (elevated silver concentration in blood).

Figure 18. Instrumental diagram of the LSPR sensor experiment. The inset shows a schematic diagram
of the SAM-modified nanoparticles in a surrounding medium, either solvent, buffer, or gas. (Reprinted
with permission from Ref. (Malinsky, M. D. et al. 2001), Malinsky, M. D., Kelly, K. L., Schatz, G. C.,
and Van Duyne, R. P. (2001) Journal of the American Chemical Society 123, 1471-82. Copyright 2005
The American Chemical Society.)
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Central Venous Catheters
Various approaches have been used to develop SNPs impregnated polymers as
antibacterial materials on catheters (Samuel, U. et al. 2004). Plastic catheter tubes can be
readily coated with a layer of SNPs to form effective antibacterial catheters (Roe, D. et al.
2008). Vitro testing revealed the effective inhibition of biofilm growth and a prolonged
antibacterial effect for at least 72 h. A 10-day in vivo study in mice confirmed that the
catheter coating with SNPs was non-toxic (Roe, D. et al. 2008). Currently, a phase IV clinical
trial is under way to compare the efficacy of SNPs-impregnated catheters with non-SNPs
coating catheters in the prevention of infection at jugular and subclavian sites. It is hoped that
the trial will bolster the reputation of SNP-impregnated venous catheters for clinical use.
In addition to the above-mentioned biomedical applications, silver particles have been
used clinically, such as silver sulfadiazine is the gold standard in the topical treatment of burn
wounds (Atiyeh, B. S. et al. 2007). The silver nanoparticles may work on the burning areas by
prophylactic environment effect, prophylactic antibacterial effect, and infection protection
(Chaloupka, K. et al. 2010).

Figure 19. Proposed mechanism of Ag toxicity based on experiment study. (Reprinted with permission
from Ref. (AshaRani, P. V. et al. 2008b), AshaRani, P. V., Low KahMun, G., Hande, M. P., and
Valiyaveettil, S. (2009), ACS Nano 3, 279-90. Copyright 2009 The American Chemical Society.)

Biosensor
Biosensor for the diagnosis and monitoring of diseases, drug discovery, proteomics, and
environmental detection of biological agents has attracted increasing research attention
(Turner, A. P. F. 2000). Fundamentally, a biosensor is derived from the coupling of a ligandreceptor binding reaction to a signal transducer. Among various signal transduction methods,
including optical (Lee, H. J. et al. 2001), radioactive (Wang, J. et al. 1996), electrochemical
(Thévenot, D. R. et al. 2001), magnetic (Miller, M. M. et al. 2001) and mass spectrometric
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methods (Natsume, T. et al. 2001), and localized surface plasmon resonance (LSPR)
spectroscopy have been widely used to monitor a broad range of analyte-surface binding
interactions, such as the adsorption of small molecules (Jung, L. S. et al. 1998), ligandreceptor binding (Jung, L. S. et al. 2000), protein adsorption on self-assembled monolayers
(Frey, B. L. et al. 1995), antibody-antigen binding (Berger, C. E. H. et al. 1998), DNA and
RNA hybridization (Georgiadis, R. et al. 2000) and protein-DNA interactions (Brockman, J.
M. et al. 1999).
The sensing mechanism of SPR spectroscopy is based on the measurement of small
changes in refractive index that occur in response to analyte binding at or near the surface of a
noble metal (Au, Ag, and Cu) thin film (Brockman, J. M. et al. 2000). Noble metal
nanoparticles exhibit a strong UV-Vis absorption band that is not present in the spectrum of
the bulk metal (Link, S. et al. 1999, Mulvaney, P. 1996). LSPR excitation produces enhanced
local electromagnetic fields near the surface of the nanoparticles. These electromagnetic
fields are responsible for the intense signals observed in all surface-enhanced spectroscopes.
The biocompatibility of metal nanoparticles (Au, Ag) can be used as biomolecule
immobilization to improve stability of biosensor. For example, antibody immobilized onto Au
nanoparticles can remain stable for 100 days (Zhuo, Y. et al. 2005). As antibody and antigens
are both proteins, their immobilization mechanism with nanoparticles is the same as the
immobilization of enzymes. Ag nanoparticles have also been used for the immobilization of
antibodies and antigens. Tang et al. have developed a highly sensitive immunosensor based
on immobilization of hepatitis B surface antibody on platinum electrode modified silver
colloids and polyvinyl butyral (PVB) as matrixes for potentiometric immunoanalysis to detect
hepatitis B surface antigen (HBsAg) (Tang, D. et al. 2005). In biomolecules labelling,
because of small size and modifiability, Ag nanoparticles could help improve the sensitivity
of biosensor. For instance, DNA sensor labelled with Ag nanoparticles achieves a detection
limit of 0.5 pM (Cai, H. et al. 2002).
Recently, many research groups have begun to develop alternative strategies for the
development of optical biosensors based on the extraordinary optical properties of silver
nanoparticles (Henglein, A. et al. 1998, Kalyuzhny, G. et al. 2000, 2001, Malinsky, M. D. et
al. 2001). For example, Haes et al. reported that nanoscale biosensors can be realized through
LSPR λmax shifting of triangular silver nanoparticles (Haes, A. J. et al. 2002). These
wavelength shifts are probably caused by adsorbate-induced local refractive index changes in
competition with charge-transfer interactions at the nanoparticle surface. Triangular silver
nanoparticles have shown unexpectedly sensitive to nanoparticle size, shape, and local
dielectric environment (Jensen, T. R. et al. 1999, 2000, Jin, R. et al. 2001). Malinsky et al.
present a detailed study of the LSPR of Ag nanoparticles fabricated by nanospheres
lithography and chemically modified with alkane thiols. They demonstrated that the
nanoparticles undergo structural changes when exposed to different solvents which
significantly affect the LSPR (Malinsky, M. D. et al. 2001). The instrumental diagram of the
LSPR sensor experiment was shown in Figure18.
A new electrochemical biosensor for determination of hydrogen peroxide (H2O2) has
been developed by immobilizing horseradish peroxidase (HRP) on silver nanoparticles and
use of a DNA-functionalized interface (Wang, F. et al. 2007). The presence of DNA also
provides a biocompatible microenvironment for enzyme molecules, greatly amplifies the
amount of HRP molecules immobilized on the electrode surface to improve the sensitivity of
the biosensor.
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The unique and attractive properties of nanoparticles have paved the way for the
development of bioanalytical systems which exhibit attractive and promising analytical
behaviours. Taking advantage of the special physical or chemical properties of nanoparticles,
biosensors with improved stability, sensitivity and selectivity can be constructed by making
use of the catalytic properties of Ag nanoparticles. One type of nanoparticles can play
different roles in different sensing systems, and it can also play multiple roles in the same
electroanalytical system. In the future, the range of functions that Ag nanoparticles displayed
in biosensors could be extended to other nanostructures, such as nanotubes and
nanocomposites. There may be breakthroughs in designing novel biosensors with these Agbased nanomaterials.

Cytotoxicity and Genotoxicity
Despite the above development and acceptance of SNPs in bioapplications, the use was
greatly limited by the toxicity of silver ions. The development of nanotechnology was able to
provide the production of smaller silver particles with large surface area, great efficacy
against bacteria and, most importantly, lower toxicity to human bodies (Foldbjerg, R. et al.
2009). Utill now, the potential for adverse health effects due to prolonged exposure at various
concentration levels in humans and the environment has not been established. In particular,
the behaviour of nanoparticles inside the cells and metabolic and immunological responses
induced by SNPs are still not well understood yet.
A few studies have investigated the toxicity of silver nanocomposites and nanoparticles
in cell lines to assess viability and reactive oxygen species generation (Arora, S. et al. 2008,
Hussain, S. M. et al. 2005, Lesniak, W. et al. 2005). Others have reported on the involvement
of mitochondria-dependent jun-N terminal kinase (JNK) pathway in SNPs toxicity (Hsin, Y.
H. et al. 2008). The vivo experiments in rats have established lung function changes and
inflammation (Sung, J. H. et al. 2008). Asha Rani et al. (2008a) have reported that SNPs
stabilized with starch and BSA induced distinct developmental defects in zebrafish embryos.
In addition, they have conducted many tests to understand various steps towards SNPs
toxicity by investigating the effect of starch-coated SNPs on cell viability, ATP production,
DNA damage, chromosomal aberrations, and cell cycles (AshaRani, P. V. et al. 2008b).
The toxicity of starch-coated silver nanoparticles was studied using normal human lung
fibroblast cells (IMR-90) and human glioblastoma cells (U251). The toxicity was further
evaluated using changes in cell morphology, cell viability, metabolic activity, and oxidative
stress. As illustrated in Figure 19, Ag-nanoparticle reduced ATP content of the cell caused
damage to mitochondria and increased production of reactive oxygen species (ROS) in a
dose-dependent manner. DNA damage was also dose-dependent and more prominent in the
cancer cells. The nanoparticle treatment caused cell cycle arrest in G2/M phase possibly due
to repair of damaged DNA. Annexin-V propidium iodide (PI) staining showed no massive
apoptosis or necrosis. The transmission electron microscopic (TEM) analysis indicated the
presence of silver nanoparticles inside the mitochondria and nucleus, proving their direct
involvement in the mitochondrial toxicity and DNA damage. The possible mechanism of
toxicity is proposed which involves disruption of the mitochondrial respiratory chain by AgNP leading to production of ROS and interruption of ATP synthesis, which in turn cause
DNA damage. It is anticipated that DNA damage is augmented by deposition, followed by
interactions of silver nanoparticles to the DNA leading to cell cycle arrest in the G2/M phase.
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In general, the health concerns and safety issues existed in using silver nanoparticles in
biomedicine need to be addressed clearly, and to be understood properly in the future.

CONCLUSION
The unique physicochemical properties and diverse functional applications in optics,
electrons, and biology and biomedicine of silver nanoparticles have greatly stimulated strong
research interests towards the synthesis and function control along with understanding growth
mechanisms. Various techniques have been developed and investigated. The chemical
techniques (e.g., solvothermal and hydrothermal, photochemical, and electrochemical
methods) show more advantages than the physical ones, such as easy operation, many choices
in reaction solvents, shape and size control, and ease for large-scale production. Despite many
efforts, the limitations still exist in obtaining monodisperse silver nanoparticles with shape
and size control, as well as high yield and green approach. Some methods developed thus far
are still empirical in nature and their applications are very specific and critical. Therefore,
more work needs to be performed to develop an efficient and inexpensive approach for the
synthesis of silver nanoparticles with shape, size and functionality control.
Many efforts have been made to understand the mechanisms governing particle formation
and growth through both the experimental observations/analysis and the theoretical modelling
and simulation. Different mechanisms have been highlighted in this chapter as: surface
selective adsorption, twinning plane control, photoinduced fusion, stacking faults, and
aggregate-based growth mechanisms. To properly understand at an atomic/molecular scale
and to get quantitative information, DFT and MD methods have been performed by
combining experimental analysis. Such theoretical work will facilitate the development of
reliable and versatile synthesis techniques. However, the DFT and MD simulations are largely
limited to the study of the thermodynamics and kinetics due to the constrained computer
capacity. Future work is therefore needed to solve the problems in more complicated systems.
Silver nanostructures can display unique optical, electronic and physicochemical
properties in the wavelength region of 400-2500 nm. Different from spherical particles, the
anisotropic nanostructures with corners, edges, and large aspect ratios can generate maximum
electromagnetic-field enhancement. The strong SERS, LSPRs and fluorescence spectra have
been exploited for functional applications in the area of chemical and biochemical sensing.
Specifically, silver nanoparticles have been widely used in antibacterial, biosensor and
biomedicine (e.g. cardiovascular implants, bone cement, would dressings, central venous
catheters), not only in lab but also in clinic use. Experimental and theoretical studies of silver
nanoparticles in bioapplications have stimulated numerous products related to the use of
silver nanoparticles. However, the health concerns and safety issues existed in using SNPs
need to be addressed clearly. Generally speaking, such studies are still limited to the
laboratory scale. Development of large-scale synthesis of silver nanoparticles for the practical
applications is greatly needed in the future.
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