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Noble Metal N9. Noble Metal Nanoparticles

Theruvakkattil S. Sreeprasad, Thalappil Pradeep

Noble metal nanoparticles in general and their
gold and silver analogs in particular are attracting
huge interest from the scientific community owing
to their fabulous properties and diversity of ap-
plications. Mankind has been fascinated by gold
and silver since prehistoric times, and applications
of their nanoparticles have attracted attention for
millennia, although understanding phenomena at
the nanoscale is very recent. Nanoscale analogs
are being explored due to their unusual func-
tional attributes quite unlike the bulk. As research
in this area moves forward, scientists are discov-
ering novel application possibilities. Tunability of
properties by varying size, shape, composition,
or local environment presents them with unusual
capabilities. By manipulating the chemical com-
position of the materials at the nanoscale, their
electrical, chemical, optical, and other proper-
ties can be manipulated precisely. In this chapter,
an overview of their history, diversity, strategies
of synthesis, and optical properties is presented.
The specialized methods employed for synthe-
sis of anisotropic nanosystems are also discussed.
Approaches to modulate the properties of these
systems postsynthetically either through chemical
reactions or by the formation of superstructures
via assembly are also covered. Methodologies for
fabricating functionalized nanomaterials are also
discussed. Various proposed applications of such
materials are pointed out. A glimpse into a newly
emerging category of noble metal nanosystems
called quantum clusters is also given.
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Noble metals are those metals which are resistant to
corrosion and oxidation in moist air. The list contains
ruthenium, rhodium, palladium, silver, osmium, irid-
ium, platinum, and gold, in order of atomic number.
Many of them are also precious as they are of poor
abundance in the Earth’s crust. Noble metal nanopar-
ticles (NPs), especially of gold (Au) and silver (Ag),
have been intensely explored by the scientific commu-
nity owing to their spectacular properties. The noble

nature of these NPs compared with other NPs, for ex-
ample, transition metal NPs such as iron, nickel, or
cobalt, as well as their lesser cytotoxicity make them
attractive candidates for biological and environmental
applications. A large proportion of the study of noble
metal NPs is done with Au and Ag NPs. Therefore,
Au and Ag NPs can be taken as examples to demon-
strate the relevance and diversity of the area of NPs in
general.

9.1 Historical Perspective of Gold and Silver NPs

From time immemorial, three metals, namely gold, sil-
ver, and copper, were used extensively by mankind. In
fact, it is certain that these were the metals first used
by human beings, since they are found in the native
state. Even before the invention of gold coins in Egypt
around 3400 BC, these metals were used as primitive
money, hence the name coinage metals. The origin of
the names gold and silver has long history. Different
words are used in different languages to represent gold.
Most of them simply mean yellow (metal), which comes
from its appearance; for example, the Latin name au-
rum means yellow. This word is believed to have been
coined from the ancient Roman word aurora or ausosa,
meaning morning glow. The word is said to have its ori-
gin in the Sanskrit word hari, meaning yellow. In Slavic
languages, gold was referred to as ������ (zlato), hav-
ing connections with the Indo-European word sol (sun).
The present-day name gold is believed to have Ger-
manic origin (goud in Dutch). The root of the word gold
is believed to be from gelwa, meaning again yellow,
which is connected to the Sanskrit word jval, meaning
to shine. Hence, the word gold really means the yel-
low shining metal. Silver also has a rich history and it
is also known by different names. It has different but
very similar names in Dutch (zilver), German (Silber),
and Anglo-Saxon (seolfor). In Greek, silver is known
as argyros and in Latin as argentums, which in turn are
closely related. The Italian (argento) and French (ar-
gent) names are also similar. However, the Spanish use
a totally different name for silver: plata.

Gold and silver NPs have a rich history in science,
where they were used for both esthetic and medicinal
purposes [9.1]. A mixture of gold salts with molten
glass was used by medieval artisans to produce tiny
gold colloids having a rich ruby color, and their vari-
eties were exploited for coloration of glass, ceramics,
and pottery. The great alchemist and founder of mod-

ern medicine, Paracelsus (1493–1541), developed many
highly successful treatments from metallic minerals, in-
cluding gold. In China, people cook their rice with
a gold coin in order to help replenish gold in their bod-
ies. Colloidal gold has been incorporated into glasses
and vases to give them color. The oldest of these is the
fourth century AD Lycurgus cup made by the Romans
(one piece is kept in the British Museum in London)
(Fig. 9.1). The cup appears red in transmitted light (if
a light source is held within the cup) and appears green
in reflected light (if the light source is outside). Mod-
ern chemical analysis shows that the glass is not much
different from that used today. However, it contains
very small amounts of gold (about 40 ppm) and silver
(about 300 ppm) in the form of mixed Au-Ag NPs of ap-
proximately 70 nm diameter. Purple of Cassius, a pink
pigment commonly used in the seventeenth century, is
also now known to be a combination of gold particles
and tin dioxide.

The Egyptians used gold for mental, bodily, and
spiritual purification [9.2], and the medicinal use of
gold can be traced back to China in 2500 BC. In an-
cient times, Egyptians used gold in dentistry as well.
In the Indian medical system called Ayurveda, gold is
used in several preparations. One popular preparation
is called Saraswatharishtam, prescribed for memory
enhancement. Gold is also added in certain medicinal
preparations for babies, in order to enhance their men-
tal capability. All these preparations use finely ground
gold along with herbs.

The curative power of gold is well documented from
antiquity. Until the Middle Ages, gold was used as
a cure for various diseases such as heart and venereal
problems, dysentery, epilepsy, and tumors, as docu-
mented in a book written by Francisci Antonii in
1618 [9.1]. The use of soluble gold for diagnosis of
syphilis is also documented [9.1]. In his book of 1676,
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Fig. 9.1 (a) Michael Faraday (after [9.3]). (b) Faraday’s
gold preserved at the Royal Institution of Great Britain
(after [9.4]). (c,d) The Lycurgus cup made from glass ap-
pears red in transmitted light and green in reflected light
(after [9.5]). (e) The 70 nm Au-Ag alloy NPs found in
the glass of the Lycurgus cup, as seen in a transmission
electron micrograph (after [9.5])

Johann Kunckels mentioned a form of gold which he
addressed as drinkable gold that contains metallic gold
in a neutral, slightly pink solution that exerts curative
properties for several diseases [9.1]. In this book, he
even foresaw the possibility of the existence of gold
in a form that is not visible to the human eye. It was
also reported in 1718 by Hans Heinrich that the sta-
bility of drinkable gold can be increased by a special
combination with boiled starch [9.1].

During this period, gold was used for coloring fab-
rics as well. In 1794 Mrs. Fuhlame reported that she
had dyed silk with colloidal gold, which is documented
in her book An Essay on Combustion with a View to
a New Art of Dying and Painting. The different colors
exhibited by different drinkable gold preparations were
explained by Jeremias Benjamin Richters in 1818 [9.1].
He hypothesized that pink or purple solutions contain

gold in the finest degree of subdivision, whereas yel-
low solutions are found when these fine particles have
aggregated [9.1].

Systematic chemical synthesis of colloidal NPs was
pioneered by Michael Faraday in 1857, when he ob-
served the formation of a pure form of deep-red-colored
colloidal gold by the reduction of an aqueous solution
of chloroaurate (AuCl−4 ) using phosphorus in CS2 in
a two-phase system [9.6] (the word colloid itself was
nonexistent at the time of Faraday’s work). This is con-
sidered to have been a major step in the development
of nanotechnology. He found that colloidal gold had
special optical and electrical properties. In this study,
he also investigated the optical properties of thin films
prepared from dried colloidal solutions. He observed
a reversible color change from bluish-purple to green
upon pressurizing the films. In 1861, Graham coined
the word colloid from the French word colle [9.7].
Following Faraday, a large number of experimental
methods have been reported for synthesis of gold NPs
(GNPs). This is dealt with in a separate section.

Similar to gold, silver has also been used for thou-
sands of years in various fields. As explained earlier,
it is Au-Ag NPs which are responsible for the color
of the Lycurgus cup. However, the major use of silver
historically was in the medicinal field and as an antimi-
crobial/disinfectant agent. Silver vessels were used to
keep water and other liquids fresh by the Greeks [9.8].
The writings of Herodotus, the Greek philosopher and
historian, date the use of silver to before the birth of
Christ [9.9]. Silver urns were used for storage of wine
to prevent spoilage in the Roman Empire. A similar
use of silver is mentioned in ancient Egyptian writ-
ings also. Although most ancient civilizations were not
fully aware of the antibacterial properties of silver, it
was widely accepted that addition of silver to water
would increase clarity, reduce odor, and improve the
taste as well [9.10]. In ancient civilizations (especially
the Greek and Roman Empires), Ag was used for var-
ious applications because of its well-known medical,
preservative, and restorative powers [9.8, 10]. The ger-
micidal power of silver was also known during these
times [9.11]. Before modern germicides and antibi-
otics were discovered, the old civilizations understood
that disease-causing pathogens would not survive in the
presence of silver. Hence, silver was used in dishware,
drinking vessels, and eating utensils [9.11]. Rich fami-
lies of those periods stored and ate their food from silver
vessels to prevent bacteria from growing. This is per-
haps the reason for the phrase, born with a silver spoon,
indicating traditional wealth. Vikings had knowledge
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of the antialgal effects of silver. They applied strings
of silver and copper below the water-line on the hull
of their ships to prevent growth of algae and barna-
cles. The same methodology is used on modern ships
as well [9.12].

Hippocrates, the father of modern medicine, pro-
moted the use of silver by writing about the beneficial
healing and antidisease properties of silver in his
book [9.13]; he also recommended the use of finely
powdered silver formulations for various ailment con-
ditions such as ulcers and wounds [9.14]. Alexander the
Great was advised by Aristotle to boil and store water
in silver vessels to eradicate waterborne diseases [9.15].
Ancient Indian civilizations also had knowledge of the
medicinal powers of silver. In Ayurvedic medicine,
silver was used (in small amounts) as a tonic and re-
juvenating agent for patients incapacitated by age or
disease. Silver was also used as an eyedrop for oph-
thalmic problems [9.16], for various infections [9.17],
and sometimes internally for diseases such as gonor-
rhea, epilepsy, common cold, and tropical sprue [9.11,
18]. Colloidal silver preparations (CSP) were used to
treat or prevent gonorrhea and gonorrheal conjunctivi-
tis [9.19]. It was also used in pure silver tongue scrapers
as part of dental maintenance and for other oral disease
conditions. Silver was widely used for the treatment
of heart problems, blood purification, and other condi-
tions, especially in the Middle East. Silver needles have
been used for acupuncture by physicians of Chinese
medicine over the years.

Silver also found applications in many other med-
ical therapies and devices, including bone prostheses,
ophthalmic surgery, treatments for venereal disease, and
veterinary medicine [9.10]. The use of silver pins to
fuse bones, silver wire to suture wounds, silver pow-
der on ulcerations, and silver foil to protect wounds
against infection was reported by ancient surgeons. In
Egypt, skeletons where silver pins were used to repair
bones via surgical procedures were found to support
this [9.15]. As early as the late thirteenth century, it is
reported that Lanfranc utilized silver tubes for introduc-
tion of food beyond fistula [9.20]. However, Paracelsus
is credited to be the pioneer of the use of metals for
medical applications. In his hermetic and alchemical
writings, he associated silver with the development of
brain activities. In 1617 Fabricius of Aquapendente,
used a small silver tube to feed patients suffering
from tetanus [9.21]. In 1884, Crede, a German ob-
stetrician, popularized administering 1% silver nitrate
solution to newborns to prevent ophthalmia neonato-
rum [9.22, 23]. It is also documented that he even

used finely divided silver powder also for medical ap-
plications in 1896, which can be considered as the
first proper medicinal use of colloidal silver [9.24, 25].
It is also documented that, during the mid-nineteenth
century, silver wire structures were used to reduce sep-
tic complications [9.20]. Even in the late eighteenth
century, William Halsted used silver wire for hernia
operations and silver foil to prevent wound-related in-
fections [9.26]. It is documented that, during the late
1800s and early 1900s, silver was frequently used as
a medicine. During ancient times, it was understood that
several metal salts and compounds have strong germici-
dal properties. However, it was also proved that silver
alone has both strong germicidal properties and low
or no toxicity to humans, which increased the use of
silver-based preparations. The colloidal state is known
to be the most effective form among other formulations
because colloidal silver does not have the caustic prop-
erties of salts (such as AgNO3) and it also demonstrated
a high level of activity at very low concentrations [9.24].
Although it was established that colloidal silver was su-
perior in this regard, the use of silver nitrate continued
for a long time [9.24].

Scientific and methodological study of the antibac-
terial effects of metals against bacteria and lower life
forms was carried out by Ravelin (1869) and in a more
detailed manner by Karl Wilhelm von Nägeli, a Swiss
botanist who discovered chromosomes (he named them
cytoblasts) [9.13]. Nägeli reported that even low con-
centrations (9.2 × 10−9 and 5.5 × 10−6 M) of extremely
fine silver, copper, as well as other metal hydrosols
have toxic effects on Spirogyra and Aspergillus niger
spores, respectively. The term oligodynamic effect was
coined by him to explain this phenomenon [9.13]. In
early twentieth century the germicidal properties of col-
loidal silver were popularized by Henry Crookes. He
even stated in his book [9.11, 24] that:

silver in the colloidal state is highly germicidal,
quite harmless to humans and absolutely nontoxic.
Rather than in a chemical compound, the silver in
the colloidal state may be applied in a much more
concentrated form, with correspondingly better re-
sults. All virus, fungus, bacterium, streptococcus,
staphylococcus, and other pathogenic organisms
are killed in three or four minutes upon contact.
There are no side effects whatsoever from the high-
est concentrations.

Long before the introduction of antibiotics, col-
loidal silver had been known and used as a bactericide
for at least 1200 years [9.15]. Also, it is reported that in
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World War I, when antibiotics has not yet been discov-
ered, silver formulations were used to prevent and treat
infections, as antiseptics [9.27], as eyedrops to prevent
conjunctivitis, etc. Silver compounds were used in der-
matology to treat certain skin conditions, such as corns
and warts [9.28]. In the early 1900s, silver foil dress-
ings were used for wounds. These dressings were used
extensively until just after World War II and were listed
in the Physician’s Desk Reference until 1955 [9.27].
However, with the introduction of antibiotics in the
1940s, the use of silver as an antimicrobial agent dimin-
ished. Still, silver holds an edge over antibiotics, since
bacteria do not generally develop resistance to silver un-
less they have a very thick wall that does not absorb
it [9.10].

In 1889, Frens and Overbeek [9.29] and Lea [9.30]
accomplished a major landmark in chemistry by prepar-
ing silver colloid for the first time through reduction of
silver nitrate using ferrous sulfate and consequent pro-
tection of colloidal particles with citrate ions. A huge
interest in colloidal silver followed this, and a large
number of researchers worked on the antibacterial prop-
erties of silver in the early twentieth century. Research
work was initiated to use silver for water purification
as well. In 1928, Katadyn of Switzerland developed
a silver-impregnated ceramic gravity-fed water filter
termed Katadyn silver. This was utilized as an antibac-
terial water filter in remote areas where clean water
was not readily available by various agencies and mil-
itaries around the world [9.31]. In another instance,
in a Federal Bureau of Investigation (FBI) declassified

document 100-93211.247 dated December 21, 1949 and
declassified on September 9, 2004, the use of silver for
converting sea water to fresh water is quoted. This doc-
ument illustrates that during World War II the US Navy
used the services of Alexander Goetz, then Associate
Professor of Physics at the California Institute of Tech-
nology, for generating drinking water. The document
says he helped perfect the process for converting sea
water into fresh water by the use of silverized carbon
pellets [9.32]. Throughout the twentieth century, the
popularity of silver salts continued to grow and several
silver-based products were also commercialized (Kata-
dyn, Argyrol, Movidyn, Tetrasil, Alagon, etc.) [9.33].
Silver in the supported form was also used to disinfect
water. Zero-valent silver was immobilized on activated
carbon in 1966 by Renn for disinfection of water [9.34].
Silver has also been used in space programs since the
Apollo missions to sterilize recycled water. The same
practice continues, and silver ion-exchange materials
are still being used in space stations and space shuttles
to recycle water.

As this historical perspective illustrates, gold and
silver have been used for a large number of applica-
tions in several fields. However, until the last century,
most applications were restricted to their medicinal
value or antimicrobial activity. Catalysis is another area
where silver found application in the early twentieth
century. A few examples where noble metals were used
as catalysts include silver-based catalysis of methanol
to formaldehyde [9.35] and ethylene to ethylene ox-
ide [9.36].

9.2 Diverse Nanostructures

The size and shape-dependent variation in proper-
ties of matter at the nanoscale is one of the most
fascinating aspects of nanoscience. Hence, various
parameters which directly affect the intrinsic proper-
ties of such materials [9.37–40] must be thoroughly
understood. Nanomaterials can be broadly classified
into four groups depending upon the confinement:
(a) zero-dimensional (0-D), (b) one-dimensional (1-D),
(c) two-dimensional (2-D), and (d) three-dimensional
(3-D) nanomaterials. Similarly, based on geometry, they
can be classified into isotropic and anisotropic NPs.

Gold and silver nanosystems are interesting be-
cause of the diversity that they exhibit. They are
found in different shapes. Spherical NPs, quantum
dots, and the newest excitement in the subnano regime
called quantum clusters are all included in isotropic

nanosystems, since they have no specific direction
of growth and no difference in properties in differ-
ent directions. They are generally considered to be
0-D nanosystems. However, materials of 1-D and 2-D
NPs, and most 3-D nanosystems, which usually have
a specific direction of growth and confinement of
electronic motion along specific axes, are included in
anisotropic NPs. Anisotropic NPs comprise a plethora
of nanostructures such as nanorods (NRs) [9.41–43],
nanowires (NWs) [9.44–46], nanotubes [9.47] (which
can be collectively termed as 1-D); triangles [9.48,
49], plates and sheets [9.50, 51], ribbons or he-
lices [9.52,53], nanobelts [9.54,55], nanocombs [9.56],
nanorattles [9.57] etc. (belonging to 2-D), and pyra-
mids [9.58, 59], stars [9.60, 61], flowers [9.62–65],
multipods [9.66, 67], nanourchins [9.68, 69], tad-
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poles [9.70, 71], nanocages [9.72, 73], nanorice [9.74,
75], nanocorn [9.76], nanoboxes [9.77, 78], nano-
cubes [9.79], triangular nanoframes [9.80], nan-
odumbbells [9.81], etc. (belonging to 3-D).

Noble metal nanosystems are attracting intense
research efforts due to their diverse properties and ex-
ceptional tunability in properties. The size, surface,
and shape dependence of the physical, optical, and
electronic properties of anisotropic nanomaterials make
them fascinating components in modern materials re-
search. These properties of these systems are dealt with
in a separate section. However, the most important step
in utilizing these properties is to synthesize these ma-
terials with precise control over their size and shape.
Specialized synthetic strategies are needed to make
them with precise control over size and shape. These
synthetic methods, at least in some cases, should have
the flexibility to be expanded for possible commercial
exploitation, if suitable applications are found. In this
section, the most common methods used for synthesis
of noble metal nanomaterials are briefly discussed.

9.2.1 Physical and Chemical Methods

General methods of synthesis can be broadly divided
into two categories: physical and chemical routes. In
the former approach, bulk material or constituents of
the desired nanomaterial are taken and formulate sys-
tematic conditions by which nanomaterials are formed.
Since the methods of synthesis start from bulk mater-
ials, they are called top-down approaches. This method
includes the following techniques:

1. High-energy ball milling: Nanoscale powders are
produced by milling bulk materials.

2. Wire explosion: Used to produce conducting nano-
materials such as metals. A sudden high current
pulse is supplied resulting in an explosion.

3. Arc discharge: Alternating current (AC) or direct
current (DC) arcs are used to evaporate materials.

4. Inert-gas condensation: Particle growth is achieved
by condensing evaporated atoms in a matrix.

5. Laser ablation: High-energy laser to induce evapo-
ration.

6. Ion sputtering: Impact using high energy ions (usu-
ally rare gases) cause evaporation.

By controlling the environment in which evapora-
tion happens, we can control the composition of the
resulting material. For example, if evaporation of metals
occurs in the presence of oxygen, oxides can be pro-

duced. These methods can effectively manufacture large
quantities of materials. However, these methods can
only produce materials with large particle size variation.

In chemical methods, which will be described in
more detail later, a range of techniques is used. In all of
these, nanomaterials are made starting from atoms gen-
erated from ions, in solution, and are assembled to make
nanomaterials. As the synthesis initiates from atoms,
these methods are also called bottom-up approaches.
Several methods come under this category:

1. Chemical reduction: Metal ions are reduced using
reducing agents to create atoms.

2. Electrochemical synthesis: Electrochemical reduc-
tion or oxidation reactions.

3. Photochemical synthesis: Chemical processes as-
sisted by light.

4. Sonochemical routes: Chemical reaction system
done with the aid of ultrasound.

5. Solvothermal synthesis: Chemical processes in
a closed system using solvents at lower tempera-
tures.

6. Interfacial synthesis: An organic–aqueous interface
is created to make nanomaterials.

7. Micelles and microemulsions: Producing nanomate-
rials by using oil-in-water or water-in-oil emulsions,
or cavities of micelles or reverse micelles.

8. Biological methods: Biomolecules or living cells
being used as synthetic reactors.

9. Thermolysis (e.g., pyrolysis, spray pyrolysis) strate-
gies: Reactions in flames and thermal decomposi-
tion.

10. Arrested precipitation (mainly for semiconductors
and oxides): Desired material is precipitated from
an organometallic precursor solution.

11. Hybrid methods: More than one of the methods de-
scribed above is used in a systematic combination to
produce complex structures.

12. Solvated metal atom dispersion (SMAD): Nanopar-
ticles are synthesized from metal vapors deposited
in solid matrices of solvents, which upon heating
evaporates to create the nanostructure. Synthesis of
protected clusters is also possible if a capping agent
is present in the solvent used.

Since NPs are made up of atoms, a two-phase
colloidal system can be categorized in terms of the dis-
persed phase and the dispersion medium. The dispersed
phase and the dispersion medium can be gas, liquid,
or solid, except for the combination gas in gas. There-
fore, NPs dispersed in an amorphous solid is a colloidal
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system and consequently a nanofluid. A dispersion of
nanomaterials in a fluid medium is generally referred
to as nanofluid. Here, the fluid is a liquid at ordinary
conditions of temperature and pressure, and hence su-
percritical fluids and gases as the dispersion phase can
be omitted. However, it is worth mentioning that the
synthesis of NPs in media such as solid matrices [9.82]
and supercritical fluids [9.83] is a highly advanced re-
search area. From the historical perspective discussed
above, it is also important to remember that some of the
early applications of NPs were in the form of particles
embedded in glasses. Supercritical fluids are attracting
a great deal of interest currently. Generally these flu-
ids are mostly termed as colloids. The nanomaterials so
prepared can be in the form of a fluid or solid. In many
cases, applications of these materials will be in the form
of solutions or dispersions, called nanofluids. They may
also be used as powders, often referred to as nanomate-
rials. Particle films, pastes, emulsions, and many other
forms may also be used.

9.2.2 General Issues of Concern

For devising a synthetic strategy, several factors of in-
terest should be taken into account.

Thermal Stability
NPs being metastable systems will transform to sta-
ble materials having global energy minima in the free
energy landscape. Thus, they will transform back to
the bulk form at infinite time. Mostly, the time in-
volved has no practical consequence. For example,
Faraday’s colloids, made in 1856 (and reported in
1857), are still stable [9.6]. In other words, even
though the bulk metal is more stable, the comparison
is similar to that comparing the stability of graphite
in comparison with diamond. Although diamond is
metastable, it will not become graphite at normal condi-
tions of temperature and pressure even in a millennium.
Diamond-to-graphite transformation kinetics is very
slow and hence insignificant under normal conditions.
The situation of NPs in suitable media is analogous and
is referred to as kinetic stability.

Dispersibility in Diverse Media
An NP usually has two entities: a core, which can be
ceramic, metallic, or polymeric, and a thin shell, which
also can be ionic, molecular, polymeric, ceramic, or
metallic (Fig. 9.2). For this review, the core is always
a noble metal which governs the properties of the NPs.
The shell which is usually used to provide a protective

Nanoparticle core

Tail group

Hydrocarbon chain

Active head group

Fig. 9.2 Schematic of an NP with metallic core and or-
ganic shell. The shell may also be an extended solid such
as SiO2

layer is important in a number of applications such as
those utilizing the luminescence of the particles. More-
over, the chemical nature of the shell determines the
dispersibility of a NP.

Generally, the molecular shell will have a charac-
teristic chemical affinity to the core due to its specific
atoms or groups. In the case of a metal NP such as gold,
for example, the metal can bind with a sulfur atom of
the thiolate (−SR) group, a common protecting ligand,
to form a protecting shell. Such a bond present on the
surface of the NP is termed a protective monolayer or
capping layer, and the NP is called a protected or capped
NP. The chemical link so formed renders thermal stabil-
ity to the system. The weaker the bond, the more easily
it desorbs from the surface of the NP and hence the NP
will be less stable. Therefore, the binding between metal
and the active head group binding on the ligand is an
important parameter influencing the thermal stability of
the nanosystem.

It must be emphasized that the shell need not be
a molecule. In specific examples, the shell will be an
inherent part of the core, like in the case of silica NPs.
Here, the surface will have a layer of hydroxyl groups
and hence the particles can be easily suspended in wa-
ter. A hydrocarbon monolayer in contrast can disperse
the particle in organic solvents. In a similar manner, Au
NPs can be made hydrophilic or hydrophobic. For re-
active NPs such as copper, the surface is susceptible
to oxidation and when the particles are exposed to air,
a layer of oxide will form over the surface.

Depending upon the medium, the tail group can
change its nature especially for end groups such as
−COOH, −NH2, −OH, etc. These groups will change
form depending on the pH of the medium. In acidic
media, the COOH group, for example (in the case
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of a −COOH-terminated monolayer), will not become
ionized and will remain as −COOH, whereas in alka-
line media it will become transformed into −COO−
by losing H+. These surface charge modifications play
an important role in applications such as drug delivery.
Sometimes, the pH changes can affect the core as well.

Nanoparticles prepared by diverse routes and cov-
ered by a variety of activators and dispersants [9.84]
such as laurate salts (CH3(CH2)10COO−X), oleic
acid (CH3(CH2)7CH=CH(CH2)7COOH), etc., and dis-
persed in different media such as transformer oil, water,
ethylene glycol, etc., were used for early conductiv-
ity studies [9.85]. Generally, surface functionalization
is done so that the NP surface is friendly to the
medium in which NPs are dispersed. The core–shell
structure of an NP system is not limited to spheri-
cal particles. The very same general structure may be
considered for anisotropic structures such as NRs, nano-
tubes, nanoshells, etc., where a chemically compatible
shell is put around the nanosystem to make it go into the
solution, biological environment, etc.

Chemical Compatibility and Ease of Surface
Manipulation

When NPs of the same core size are considered for
several applications, the above parameters attain sig-
nificance. The synthetic conditions determine the size,
shape, and properties of NPs as to be expected from
a method producing metastable systems. Kinetically,
an NP is always trapped in a local minimum of free
energy, and the synthetic parameters are crucial in de-
ciding the final product. Hence, to get uniformly the
desired core size, it is essential to follow the same ex-
perimental conditions. Usually, this poses limitations in
the adaptability of the system to various chemicals and
conditions.

Post-synthetically, solvent compatibility can be
modulated by changing the monolayer on the NPs. This
process is often termed the ligand exchange, in which
one monolayer of ligand molecules present on the NP
surface are exchanged with another one in the medium.
This exchange process usually results in equilibrium be-
tween the molecules in the adsorbed and free states.
Repetition of this process a few times can complete the
exchange process.

Chemical modification of the monolayer is similar
to solution chemistry with simple molecules. Utiliz-

ing the chemistry of monolayers, suitable post-synthetic
changes are made on NPs. For example, by employing
functional group chemistry, a given monolayer can be
polymerized or can be included into a polymeric matrix.
This can be achieved via chemical, thermal, and pho-
tochemical processes. In specific cases, post-synthetic
modification can result in the entrapment of nanosys-
tems inside the cavity of a large molecule so that the
nanosystem can be transferred into a suitable medium.
The use of dendrimers and cyclodextrins are examples
of this kind of chemistry.

Size Control and Monodispersity
An ideal synthetic strategy should produce particles
of a given size distribution through a simple process.
A narrow size distribution is always desired. Post-
synthetic processes are utilized if a methodology fails to
generate particles with a narrow size distribution. This
involves selecting particles of interest or converting
one system to another. However, post-synthetic methods
also have their own advantages and disadvantages.

When a methodology produces of a variety of sizes
in the as-synthesized particles, selection of a given
size can be done by post-synthetic approaches. Several
such processes exist. The first is size exclusion chro-
matography. Here, the mixture of NPs is passed through
a size-selective stationary phase (e.g., a gel) having def-
inite pore sizes. The applied eluent (solvent) elutes the
material as a function of size. Agarose and Sephadex are
the two common media used. The next method involves
solvent-selective precipitation. In this method, by pro-
gressively changing the polarity of the medium from
low to high, larger particles are forced to precipitate
from the mixture. One disadvantage is that the stability
of the material in different solvents may vary. However,
by repeating this process, precise control over the size of
the resulting NP is possible. Digestive ripening is also
used to obtain monodisperse samples. In this method,
the NP is digested with the protecting agent used dur-
ing the synthesis at elevated temperatures. Smaller sized
particles become consumed during the ripening process.
Ostwald ripening or particle coarsening is a similar pro-
cess where the as-prepared particles are allowed to age
for a finite period during which large particles grow
at the expense of smaller particles, narrowing the par-
ticle size distribution. This may be achieved along with
temperature cycling.
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9.3 Common Synthetic Routes for the Preparation of Noble Metal NPs

This section outlines the various strategies applied for
synthesis of noble metal NPs. The discussion will
mostly pertain to conventional spherical NPs. Synthesis
of other shapes are extensions of some of these meth-
ods and a brief description of some of these will also be
provided without going into the details.

9.3.1 Solution Phase Routes by Chemical
Reduction

Metal atoms produced by the reduction of metal ions
can upon aggregation produce NPs. The growth of these
aggregates can be arrested at a desired stage by the use
of protecting agents. A general reduction reaction can
be represented as

Mn+ +n e− → M0 . (9.1)

Instead of supplying the electron directly, the oxida-
tion of the reducing agent results in the production of
electrons bringing about the reductions.

Redm− → Oxi(m−n)− +n e− , (9.2)

where the reducing species (reducing agent) having a fi-
nite charge loses some specific amount of charge and
becomes oxidized. It is important to mention that both
the metal and the reductant may not contain any distinct
charge and those mentioned are only nominal. The net
reaction

Mn+ +Redm− → M0 +Oxi(m−n)− (9.3)

and its feasibility depends on the thermodynamics of the
process, which in turn is governed by the electrochem-
ical potentials of the corresponding half-cell reactions
(standard reduction potentials). The sum of the re-
duction potentials (with their signs) of reactions (9.1)
and (9.2) gives a net positive value, thus the process is
thermodynamically feasible. This implies a net negative
free energy change of ΔG = −nFE, where ΔG is the
free energy change of the reaction (9.3), n is the num-
ber of electrons involved, F is the Faraday constant, and
E is the electrochemical potential of the reaction (9.3).
Since the potential must be taken at the appropriate
conditions, E must be considered not Eo. Thermody-
namically feasible reactions have negative ΔG.

When the ions present in the solution are in com-
plex form, the reduction potentials are not the only
criteria that determine the feasibility of reduction. Ions
present in complex form will have different potential
compared to bare ions. For example, simple Au3+ (as
in [AuCl4]−) can be reduced using mild reducing agents

such as carboxylates or alcohols. However, in the pres-
ence of excess thiol this is not possible. The formation
of metal thiolates makes the reduction of these com-
plexes and reduction will only take place with strong
reducing agents such as borohydride. In the presence
of gold metal particles, reduction with mild reducing
agents is possible, since the reduction occurs on the sur-
face of gold. The reduction of gold ions by ascorbic acid
in the presence of gold seeds during the preparation of
GNRs (discussed below) is an example.

A molecule or ion itself can act both as the reduc-
ing agent and as the capping agent as in the case of
citrate, amines, alcohols, thiols, etc. Reduction and the
subsequent stabilization action of trisodium citrate for
making Au NPs is the best example. In the recent past,
several such examples have been reported where a vari-
ety of amines, alcohols, thiols, complex ions, etc., were
used. Since alcohols are not good protecting agents,
polyols containing a larger number of hydroxyl groups
per molecule are used, which effectively chelate (mul-
tiply coordinate) the metal ions. A summary of the
specific reduction processes employed is presented in
Table 9.1.

Strong Reducing Agents
Reduction of metals with a large negative reduction
potential is very difficult and demands careful control
of the reaction conditions. The use of a strong reduc-
ing agent can minimize the solvent and other reactants
present. For example, the presence of water should be
avoided if the reagent is very strong to avoid the follow-
ing reaction

2H2O+2e− → H2 +2OH− . (9.4)

The standard reduction potential of this reaction is
−0.828 V. Solvated electrons are the most powerful re-
ducing agents. They can be prepared in the laboratory
by dissolving alkali metals in aprotic solvents like di-
ethylether or tetrahydrofuran in the presence of excess
complexing agents such as crown ether. The reaction
can be depicted as

M+2(15-crown-5) = M+(15-crown-5)2 e− . (9.5)

However, in the presence of smaller amounts of com-
plexing agent, an alkalide (the alkali metal anion) will
be formed [9.86],

2M+ (15-crown-5) = M+(15-crown-5)M− . (9.6)

Since the thermal stability of the above reagents is
less, the reactions should be done at lower tempera-
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Table 9.1 Summary of various solution-phase reduction processes employed to make metal NPs

Method Metal/reducing agent Example References

1. NaBH4 route Metal ion/BH−
4 Au, Ag [9.88, 89]

2. Amine route Metal ion/APSa, AESb Ag [9.90]

3. Polyol route Metal ion/ethylene glycol Ag, Pd [9.91]

4. Citrate route Metal ion/Cit3− Au, Ag [9.6, 92]

5. Polyvinylpyrrolidone route Metal ion/PVPc Pd [9.93]
a APS: 3-aminopropyltrimethoxysilane
b AES: 3-(2-aminoethylaminopropyl)trimethoxysilane
c PVP: polyvinylpyrrolidone

tures. This approach has been successfully employed
for the synthesis of several nanocrystalline metals and
alloys [9.87].

Trialkylborohydrides (ABEt3H, A = Li, Na, K) are
another class of strong reducing agents. Some meth-
ods utilizing aralkyl aluminum as the reducing agent
have also been reported. A variety of transition metal
NPs have been synthesized through the use of strong
reducing agents [9.87, 94].

9.3.2 The Most Common Methods
for Gold NPs

Two of the most common methods used for the syn-
thesis of GNPs, namely the citrate route and the Brust
method, are described in detail in this section. Other
common methods for the preparation of metallic NPs
are also briefly discussed.

The Citrate Route
This method also known as the Turkevich method [9.95],
is the most used and easy-to-use method for the syn-
thesis of colloidal gold NPs having a mean diameter

50 nm 5 nm

a) b)

Fig. 9.3a,b TEM images of Au@citrate prepared by the
citrate reduction method with average particle diameter of
15 nm. (a) low magnification and (b) higher magnification,
lattice resolved image

of ≈ 15 nm. In this approach, the reducing agent used,
sodium citrate (other reducing agents, such as amino
acids, have also been employed successfully), also acts
as the stabilizing agent, reducing Au3+ ions to atoms
and subsequent aggregation results in the formations
of NPs at elevated temperature. The NPs produced via
this method are mostly monodisperse and spherical with
a diameter of around 10–20 nm. The reduction in the
amount of sodium citrate can increase the size of the
resulting NPs. In 1973 Frens modified this method to
obtain Au NPs of predetermined size by varying the
trisodium citrate to gold ratio [9.96]. Transmission elec-
tron microscopy (TEM) images of the particles obtained
by this method are shown in Fig. 9.3.

Covering citrate-protected particles with various
molecules or ceramics such as silica, can enable the
NPs to be taken out of the solution, and redispersed.
Since these particles can be good starting points for var-
ious investigations in biology and materials science, this
approach is widely practiced [9.97].

Brust–Schiffrin Reduction
The Brust–Schiffrin method [9.98] involves phase
transfer of [AuCl4]− from the aqueous phase to the
organic phase by a phase-transfer reagent, tetraoctyl
ammonium bromide, and subsequent reduction of it at
the interface by NaBH4 in the presence of a thiol, result-
ing in the production of thiolate (RS−)-protected GNPs
having a very small core diameter (range 1–5 nm). Vari-
ation of the Au/thiol ratio used in the synthesis can
bring about a change in core dimension. A smaller
Au/thiol ratio (a higher thiol concentration) produces
smaller particles. The main advantage of the process is
that the synthesized Au NPs can be repeatedly isolated
and redispersed in organic solvents without aggrega-
tion or decomposition. The NPs can be taken out of the
medium and dried, and the powder can be stored for
a long time and can again be redispersed. Figure 9.4
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5 nm 5 nm

a) b)

Fig. 9.4a,b Typical TEM images of Au@ODT NPs, pre-
pared by the Brust method. Particles of 3 nm diameter are
observed. (a) low magnification and (b) lattice resolved
image showing single crystalline nature of most of the
particles (courtesy T. Pradeep)

shows the representative image of NPs obtained in such
a synthesis with a 1 : 2 Au : S ratio.

Another main advantage of this approach is that
functionalization of the particles formed is feasible by
using functionalized thiols during the synthesis. Alter-
nately functionalization can be realized via exchange
reaction (described earlier), where one kind of thiol or
another ligand is exchanged with that on the NP surface.
These NPs, often referred to as monolayer-protected
clusters (MPCs), have been extensively reviewed [9.99,
100]. Several ways exist to conduct the synthesis. Using
acid [9.101] for phase transfer helps to avoid phase-
transfer catalyst impurity in the ensemble. The high de-
gree of monodispersity can induce two-dimensionally-
ordered lattices on a TEM grid. Digestive ripening (dis-
cussed earlier) [9.102] has been employed to reduce the
particle size distribution in the Brust method. After this,
the resulting particles with a narrow size distribution
arrange to give 2-D and 3-D superstructures [9.103].

Similar superstructures can be produced with sil-
ver as well. Here, a variety of reducing agents can
be used instead of NaBH4 and the synthesis can be
achieved without phase transfer. Several reports exist on
the preparation of water-soluble NPs, synthesized us-
ing water-soluble thiols such as glutathione [9.104] and
mercaptosuccinic acid (MSA) [9.105]. Reduction of the
Au–thiolate complex in methanol by NaBH4 in water
is the important step during the reaction. The NP being
insoluble in methanol precipitates out. This is washed
repeatedly using methanol and is redispersed in water.
Clusters formed using MSA are known to form well-
arranged superlattices (SLs) [9.106]. Glutathione is
known to produce a variety of molecular clusters start-
ing from Au8 to Au39, which can be size separated using
polyacrylamide gel electrophoresis (PAGE) [9.107].

Electrochemical Reduction
Chemical reduction is the most extensively investigated
and employed method for making nanomaterials. How-
ever, various other methods have also been employed
for the synthesis of special nanosystems. Electrochemi-
cal reduction where the metal is dissolved at the anode
and the metal ion formed is reduced at the cathode
is one of the prominent ones. To avoid the depo-
sition of the resulting NP on the cathode (leading
to electroplating), the process is done in the pres-
ence of a stabilizer. Nanoparticles of palladium (Pd)
of 4.8 nm diameter have been synthesized by this ap-
proach by passing 0.1 mA cm2 current at 1 V in a 0.1 M
tetraoctylammonium bromide (TOAB) solution in 4 : 1
acetonitrile : tetrahydrofuran (THF) mixture [9.108].
The resultant NPs, which precipitated out could be re-
dispersed in THF or toluene. A similar methodology can
be used for other metals such as silver [9.109] and also
for the preparation of GNRs [9.110].

Radiolytic Reduction
Reduction under various radiations such as visible, ul-
traviolet (UV), x-rays, and γ -rays is another method
for synthesizing NPs. Metal salts solutions are irradi-
ated in presence of stabilizing agents. In photoreduction
with gamma rays, various species are generated in the
medium, depending on the photon energy absorbed. In
an aqueous solution, H2, H•, H2O2, OH, and e− are
produced by radiolysis of water. Nitrous oxide in the
medium scavenges the electrons generated, which fur-
ther generates OH− and OH• [9.111].

N2O+ e−(aq)+H2O → N2 +OH− +OH
•
. (9.7)

Alcohols react with the formed radical according to the
following reaction

CH3OH+OH
• → H2O+ •

CH2OH (9.8)

CH3OH+H
• → H2 + •

CH2OH . (9.9)

The •CH2OH radical in the reaction mixture acts as the
reducing agent according to the equation

Mn+ +n
•
CH2OH → M+nCH2O+nH+ . (9.10)

The reduced metal and formaldehyde are the final prod-
ucts of the reaction and if the solvated electron itself can
be used, the reduction is more powerful. Nanoparticles
of Au [9.112], Ag [9.113], Cu [9.114], and Co [9.115]
have been synthesized using this methodology. This
approach is especially useful for the preparation of
complex structures such as core–shell particles, where
a metal core is coated with a shell of another metal.
A few examples are Au@Ag [9.116], Au@Pt [9.117],
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Pt@Au [9.117], Au@Pb [9.118], etc. Radiolysis is done
on a mixture of a metal NP and aqueous metal ion us-
ing a 60Co source. The surface of metal NPs become
charged due to the transfer of electrons from the gen-
erated radicals. These NPs thus reduce the metal ions
which are deposited on the surface of the NPs, result-
ing in core–shell geometry. Using a similar strategy,
the size of Au NPs (repeated radiolysis) were modu-
lated [9.119].

Thermal Decomposition of Organometallics
Decomposition of corresponding metal carbonyls by
heating in an inert solvent at elevated temperature in the
presence of a suitable stabilizing agent is another way
to produce metal NPs. For example, heating Co2(CO)8
in decalin at 130–170 ◦C can produce Co NPs [9.120].
Usually, nitrogen-containing polymers are used as stabi-
lizers in the reaction. It is known that the stabilizer will
form metal cluster macromolecules, where these poly-
mers act as a complexing agent. The particle size can be
controlled by varying the functionality of the polymer.
Various NPs made up of Fe [9.121], Ni, Cr, Mo, and
W [9.122,123], as well as alloy NPs have been prepared
by employing different polymers. It is to be noted that
the ligands should be selected with care as they should
be stable at high temperatures. A new metastable Co
phase (ε-Co) obtained through the use of this method
has also been reported [9.124]. The stabilizer used in
the reaction was trioctylphosphine oxide (TOPO), and
in the absence of TOPO this phase was not formed.
The formations of various kinetically stabilized shapes
have been studied in detail [9.125,126]. Mixtures of car-
bonyls and other organometallic reagents were used to
prepare FePt [9.127] and CoPt [9.128] alloy and core–
shell NPs. Thermal decomposition of metalloalkenes
is also known to form NPs [9.129, 130]. Various
ligands such as 1,5-cyclooctadiene (COD), 1,3,5-
cyclooctatriene (COT), dibenzylidene, and cyclooctenyl
(C8H13−) have been used in various syntheses. Some
examples of NPs synthesized through the use of this ap-
proach include Co, Ni, Ru, Pd, and Pt NPs, Co and Ni
NRs, and CoPt, CoRu, CoRh, and RuPt nanoalloys.

Microwave-Assisted Synthesis
A microwave-assisted approach has been abundantly
employed for the synthesis of a variety of organic and
inorganic materials. This method can be utilized for
both synthesis and processing aspects [9.131]. This
method is less time-consuming and heating is achieved
from within. Usually the mixture to be irradiated is
placed inside a domestic microwave oven working at

a frequency of 2450 MHz and the mixture is stirred. In
the case of metals, the metal ion and the reducing agent
in a suitable solvent are placed in the oven and espe-
cially in the case of Au and Ag, this approach is known
to form highly monodisperse NP samples (when com-
pared to thermal reduction) [9.132]. Polyols are one of
the most effective reductants for metal ions using mi-
crowave irradiation and the process is often referred to
as the microwave polyol process [9.133]. Microwave ir-
radiation of a mixture of poly(vinylpyrrolidone) (PVP),
ethylene glycol, NaOH, and H2PtCl6 in water resulted
in the formation of 2–4 nm Pt NPs [9.134]. A similar
strategy was employed for the synthesis of 6 nm diam-
eter Ni NPs as well [9.135]. This synthesis methodology
can be automated by adapting it to continuous-flow
reactors [9.136]. An excellent review on microwave-
based methods for NP fabrications is available in the
literature [9.137].

Sonolysis
Ultrasound (typically at 20 kHz) irradiation of the reac-
tion mixture is utilized for the synthesis of NPs in this
methodology. Here NP formation here is termed cavi-
tation, which involves the implosion of cavities of very
small dimensions on nanosecond timescales. This leads
to the formation of local hot spots of very high temper-
ature in the range of 5000 K. The reactant (a precursor
species like organometallics) becomes trapped in this
and is decomposed at this temperature. The products
are instantaneously quenched by the surrounding sol-
vent medium, resulting in the formation of amorphous
NPs. A variety of transition metal NPs has been synthe-
sized using this strategy [9.138]. Sonolysis of Fe(CO)5
in decane in the presence of oleic acid resulted in the
formation of 8 nm oleic acid protected Fe NPs [9.136].
Alloy NPs can be also prepared by this method. This
approach has also been reviewed in [9.139].

9.3.3 Specialized Synthetic Strategies –
Anisotropic NPs

As discussed earlier, specialized strategies are needed to
synthesize nanosystems of various shapes with control
over size and shape. Most of these are either an adap-
tation or modification of the methods described above.
However, specific molecular interactions or templates
can be used to facilitate shape-selective synthesis. It has
been found that metal ions can be reduced via radi-
olytic [9.140] and photochemical [9.141,142] methods.
NPs of various morphologies such as rods, triangles,
hexagons, etc., can be generated using the photochem-
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ical method [9.141, 142]. Template-assisted [9.143]
methods have been used to make 1-D nanostructures
with uniform size and controllable physical dimensions.
The galvanic displacement reaction [9.144] is another
method to make GNPs and their hybrid forms. This
method has been widely used to produce nanostructures
with different morphologies, including plates, cubic
nanoboxes, cubic nanocages, nanorings, nanoboxes,
single-walled nanotubes, and multi-walled nanoshells
or nanotubes [9.145, 146]. Many other techniques
such as sonolysis [9.147], microwave-assisted synthe-
sis [9.148, 149], the hydrothermal method [9.150], etc.,
are being used to make gold and silver NPs. All
the above-mentioned methods come under the cate-
gory of bottom-up approaches for synthesizing NPs.
The following section describes some of the important
strategies employed in this regard. Only brief descrip-
tions are given.

Seed-Mediated Growth Method
This is one of the most widely used strategies for
the synthesis of anisotropic NPs of gold and sil-
ver. It is a modified version of Zsigmondy’s nuclear
method [9.151], which involves two steps. However, the
seed-mediated method usually produces larger NPs of
size 30–100 nm. This was first demonstrated by Brown
and Nathan [9.152]. The first step involves the syn-
thesis of seed NPs by reduction of metal salts in the
presence of stabilizing agents. Usually this is carried
out by using a strong reducing agent such as sodium
borohydride (NaBH4). It must be noted that the seed
need not always be a metal NP. Subsequently in the
second step growth of seed NPs into the desired shape
happens in a growth solution containing excess metal
ions, a surfactant or shaping agent, and a mild reducing
agent. Here, the reduction of metal salts is facilitated
on the surface of the seed NPs, and due to the presence
of the surfactant molecules which form suitable tem-
plates, the growth happens to yield NPs of the desired
morphology.

Murphy et al. devised various strategies based on the
seed-mediated growth approach to make NPs of var-
ious shapes [9.153, 154]. Noble metal NPs of diverse
structures such as rods [9.155], wires [9.156], trian-
gles [9.157], stars [9.158], flowers [9.159, 160], etc.,
can be synthesized using this method. Tuning of size
is possible by varying the amount of seed NPs added
to the growth solution. This strategy has been success-
fully used for the synthesis of GNRs. The presence of
external agents such as molecules or ions can influence
the growth direction and can result in the formation

of a different morphology. For example, the presence
of iodide ion in the growth solution during the syn-
thesis of GNRs, results in the formation of triangular
nanoprisms [9.161]. Iodide ions adsorbs on gold seeds
to suppress the growth along the Au(111) direction,
leading to the formation of Au(111)-faced triangular
nanoprisms. Even the counter-ion present on the sur-
factant used can influence the morphology. When the
counter-anions on cetyltrimethylammonium bromide
(CTAB) were replaced with chloride ions (instead of the
original bromide), a rice-shaped NP formed instead of
rods. The concentration of surfactant molecules is an-
other parameter that affects the shape, since the shape of
the micelles formed by the surfactant during the growth
changes with the concentration. A method developed by
Mirkin et al. [9.48] is an excellent example for this con-
centration dependence; they synthesized nanoprisms by
changing the parameters in seed mediated synthesis.
This involves a three-step growth process where gold
seed NPs of ≈ 5 nm were added into the growth solution
containing the capping agent CTAB, gold ions, a reduc-
ing agent (ascorbic acid), and NaOH, resulting in the
formation of gold nanoprisms in very good yield. Syn-
thesis required a saturated CTAB solution for good yield
with uniform morphology.

Seedless Synthesis:
Modification of Seed-Mediated Synthesis

Seedless synthesis is a slight modification of the above-
mentioned method. In the above method, the purity of
the seeds determines the quality of the resulting struc-
tures. Hence, Pradeep et al. [9.162] and Jana [9.163]
separately showed that gold nanostructures can also be
formed without the presence of the seeds. Jana illus-
trated that, without the use of seeds, near-monodisperse
gold and silver NRs, spheroids, NWs, platelets, or cubes
of 4–50 nm dimension and controllable aspect ratio
(AR), can be prepared by introducing a mixture of
strong and weak reducing agents into the micellar so-
lution of a metal salt. Here, the strong reducing agent
initiates nucleation and the weak reducing agent induces
the NP growth [9.163]. This strategy was found to be
extendable to semiconductors as well. Pradeep et al.
studied the role of sodium borohydride (NaBH4) in the
formation of GNRs [9.162]. They found that addition of
a calculated amount of NaBH4 directly into the growth
solution leads to the formation of uniform GNRs. They
also studied the formation of GNRs with various seeds
of metals of widely differing crystal structures, and un-
derstood that there is no variation in the properties of
the GNRs formed. The role of NaBH4 in the growth of
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Fig. 9.5 (a) Scanning electron mi-
croscopy (SEM) image of octahedral
gold nanocrystals. The imaged re-
gions show extensive self-assembled
structures. (b) UV/Vis absorption
spectra of octahedral NPs of dif-
ferent sizes. Maximum absorbance
of the spectra has been normalized
(after [9.150])

GNRs, which was not well understood in earlier reports,
was investigated in detail. They found that there is a re-
lation between the longitudinal plasmon peak and the
concentration of NaBH4. To validate this further, the ob-
served dependence was compared with the dependence
of the residual concentration of NaBH4 in the seed so-
lution left over from the growth solution after the GNR
growth. It was suggested that the addition of NaBH4
leads to in situ formation of the seed particles, which
enables the growth of GNRs.

Biological Synthesis
As an alternative to the use of chemicals, biological syn-
thesis was advertised as a safe and ecofriendly approach
for synthesis of GNPs. Here, the NPs are synthesized
using organisms ranging from bacteria to fungi, various
parts of plants, biological extracts, etc. One important
advantage of this method is that it yields NPs capped
with biological entities, which consequently have im-
proved biocompatibility so that they can be used in
many biomedical applications. Noble metal NPs of var-
ious shapes such as triangles, wires, spheres, plates,
etc., have been synthesized via this method. A clas-
sical example is the high yield synthesis of thin, flat,
single-crystalline gold nanotriangles (NTs) by the re-
duction of aqueous chloroaurate ions ([AuCl4]−) using
an extract of the lemongrass plant (Cymbopogon flex-
uosus) [9.164]. The reducing agent in the reaction
was found to be aldoses (reducing sugars) present in
the lemongrass extract. Similar examples of Au NP
preparation using extracts of tamarind leaf [9.165], Cin-
namomum zeylanicum leaf [9.166], the unicellular green
algae Chlorella vulgaris [9.167], Rhodopseudomonas
capsulata, are available in the literature.

Hydro/Solvothermal Synthesis
This method involves the synthesis of NPs in a sol-
vent at elevated temperatures under high pressure in an

autoclave. The solvent (in most cases water) acts both
as a catalyst and occasionally as a component of solid
phases. Since several other solvents, including water,
can be used for the synthesis this approach is generally
termed solvothermal synthesis [9.168]. In hydrothermal
processes, initial properties of water can be modified by
introducing additives. This is a versatile strategy where
various solvent systems such as polar solvents (e.g.,
aqueous solutions containing HF, or other acids or bases
to modulate pH) or nonpolar solvents (e.g., pure, su-
percritical) are used for the dissolution–recrystallization
process. Various nanostructures have been synthesized
using this approach. The hydrothermal reaction of an
aqueous solution of HAuCl4, trisodium citrate and
CTAB has been reported to produce octahedral gold
nanocrystals (Fig. 9.5a) [9.150]. Gold octahedra with
varying average sizes were synthesized by heating the
different reactants at 110 ◦C for different time periods.
Evidence of the formation of differently sized octa-
hedra was seen in the absorption spectra where the
surface plasmon resonance (SPR) band shifted from 543
to 635 nm (Fig. 9.5b). Structurally, the octahedra are
bounded by specifically bound by (111) facets [9.150].
Technologically important nanostructures composed of
Pd–Cd having high hydrogen storage capacity were
also synthesized by this method. Here, various nano-
structures with varying concentrations of Cd were
grown directly on a solid substrate [9.169]. Because the
method is low cost and environmentally friendly where
substrates are at comparatively lower temperatures it is
advantageous for the creation of diverse nanostructures
on temperature-sensitive substrates.

Galvanic Replacement Reactions
This method (also called electroless plating) was intro-
duced by Brenner and Riddell [9.170]. In this method
the spontaneous reduction of metal ions to metallic par-
ticles and films occurs at equilibrium in the absence
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of an external electric field. Due to its ease of oper-
ation, this method has attracted wide attention. It is
highly versatile and can be used to make a wide range
of metal/substrate combinations, including metal-on-
metal, metal-on-semiconductor, and metal-on-insulator
types. This is particularly important in the area of elec-
tronics with regard to metal deposition on a circuit
board, for example. The process, electroless deposi-
tion includes three fundamentally different mechanisms
such autocatalytic, substrate catalyzed, and galvanic
displacement (immersion) processes in which the gal-
vanic displacement reaction proceeds in an entirely
different manner and the deposition is carried out in the
absence of an external reducing agent.

Galvanic replacement reactions are single-step re-
actions that work depending on the differences in
the standard electrode potentials of various elements,
leading to deposition of the more noble element and dis-
solution of the less noble component. The electrons for
the reduction are derived from the valance-band elec-
trons of the substrate (Fig. 9.6a). Until the permeation of
oxidized substrate ion into the solution though the met-
als film stops, the reaction will continue. The formation
of a dielectric layer of oxidized substrate that hinders
the electron transfer can also arrest the reaction. There
are several advantages with this approach. For exam-
ple, most synthetic processes use surfactants to obtain
anisotropic nanostructures with smooth surfaces. How-
ever, attachment of surfactant molecules on the surface
is not desirable for many applications. The presence of
surfactants usually increases the electrical resistance,
hence limits the use of these NPs as conductive com-
ponents in electronics. Electroless deposition avoids the
use of surfactant molecules whereby the NPs can be
directly utilized without loss of electrical properties.

Preparation of pristine Ag nanoplates on semi-
conducting GaAs wafers (Fig. 9.6b) has been re-
ported [9.171] through a galvanic reaction between an
aqueous solution of AgNO3 and GaAs (9.11). A droplet
of aqueous solution of AgNO3 was added on a GaAs
wafer (treated with aqueous hydrofluoric acid solution)
to grow silver micro/nanostructures via the galvanic
reaction

12AgNO3 +2GaAs+6H2O

→ 12Ag+Ga2O3 +As2O3 +12HNO3 . (9.11)

Controlling the concentration of AgNO3 resulted in
the tuning of the morphological parameters of the Ag
nanoplates. At high concentration of AgNO3, thicker
Ag nanoplates were obtained. Electrons for the re-

2 µm

1 µm 10 µm

1 µm

100 nm

M2
+ Higher E0

Lower E0 M2
0

M1
n+

M1
n–

a)

b) c)

d) e)

Fig. 9.6 (a) Schematic of galvanic displacement reaction.
(b) SEM image of Ag nanoplates formed on the surface
of n-type (110) GaAs wafer. (c) Silver nanoinukshuks pre-
pared by immersing n-type Ge(100) in aqueous AgNO3

solution. Inset shows a close-up view of facets on the tips
of silver metallic nanoinukshuks. SEM images of silver
(d) and gold (e) dendrites formed on zinc plates. ((b,e)
after [9.171–174])

duction are provided by the germanium–germanium
bonds leading to the formation of Ag(s) from Ag+ and
Ga(s) becomes oxidized during the process via a redox
reaction.

An unusual variety of Ag nanostructures called
nanoinukshuks (Fig. 9.6c), was synthesized by immers-
ing n-type Ge(100) in aqueous AgNO3 solution [9.172].
When the Ag+ ion concentration reached 1 mM, nano-
inukshuks were obtained at room temperature on flat
or rough, oxidized germanium surfaces. The nanoinuk-
shuks were composed of 300 nm-diameter stacked hexa-
gons, which can grow perpendicular to the (111) planes
of the silver hexagons. Synthesis was carried out with
different Ag salts, such as AgClO4 and Ag(CH3CO2).
With AgSO4, flat dendritic structures formed. A close-
up view of the tip of the nanoinukshuks is given in
Fig. 9.6c. Gold dendritic nanostructures can also be syn-
thesized using HAuCl4, H2O, and zinc through this
methodology. Dendritic structures formed by immersing
a Zn plate in a container with HAuCl4 solution at room
temperature and ambient pressure (Fig. 9.6e) [9.173].
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The same strategy can be employed for preparing Ag
dendritic nanostructures as well (Fig. 9.6d) [9.174].

Hollow metal nanostructures can also be produced
in this way. The structure can be made hollow or have
porous walls. This change can be brought about by us-
ing a less active metal salt precursor. A wide variety
of gold-based hollow nanostructures of different mor-
phologies, including cubic nanoboxes, cubic nanocages,
nanorings, nanoboxes, single-walled nanotubes, and
multi-walled nanoshells or nanotubes [9.175–177] have
been synthesized using this strategy. More details of
these reactions is given in the discussion of the reac-
tivity of these anisotropic systems in Sect. 9.5.1.

Photochemical Synthesis
As described in previously, the reduction of metal
salt precursors can also be carried out by radiolytic
and photochemical methods. Here, there is no eternal
reducing agent involved and radiation becomes ab-
sorbed regardless of the light-absorbing solutes and
products. Also, the number of reducing equivalents
generated by radiation being known exactly, the rate
of the reduction reaction can be accurately deter-
mined. This methodology does not require any specific
and expensive instrument. All this makes this ap-
proach highly attractive for synthesis on metallic
nanostructures.

Rod-shaped NPs were the first anisotropic NPs to
be synthesized by reduction of metal salt by UV ir-
radiation [9.178]. Here, a rod-like micelle formed by
hexadecyltrimethylammonium chloride becomes em-
bedded by AuCl4, and the reduction of these ions
to Au0 is achieved through photochemical irradiation
(λmax = 253.7 nm). However, synthesizing uniform,
AR-controlled rods is difficult because an increase
in length of NRs will always result in an increase
in spherical NP impurities. Yang et al. [9.179] re-
ported an improved methodology which produces NRs
with well-controlled AR. This method was similar to
the electrochemical method described earlier and the
reaction mixture had the surfactant CTAB and tetrado-
decylammonium bromide and the precursor HAuCl4 ·
3H2O. The reduction was achieved by photoirradiation
for 30 h (λmax = 254 nm, I = 420 μW/cm2). During the
process, acetone and cyclohexane were used for loosen-
ing the micellar structure. However, additionally, silver
nitrate was used in this process to control the AR of the
NRs. Also, an increase in the silver ion concentration
led to a decrease in the AR of the NRs and when the sil-
ver ion was absent a large number of spherical particles
formed.

Photo-induced methods have found useful the
preparation of large quantities of silver nanoprisms in
high yield in the form of a colloidal suspension as
well [9.180]. The as-synthesized colloids had distinctive
optical properties that directly relate to the shape. The
first step of the reaction includes the synthesis of spher-
ical silver particles from an aqueous solution of AgNO3
using NaBH4 in the presence of trisodium citrate. A sta-
bilizing agent, bis(p-sulfonatophenyl) phenylphosphine
dihydrate dipotassium (BSPP) was introduced dropwise
into the reaction mixture. The mixture was irradi-
ated with a conventional fluorescent light. The edge
length of the nanoprisms in this process was found to
be tunable to 30–120 nm range [9.181]. Using dual
beam illumination of the NPs, the growth can be con-
trolled, and the process is believed to be driven by
surface plasmon excitations. Depending on the wave-
length of the illumination, the plasmon excitations lead
to the fusion of nanoprisms. The bimodal growth pro-
cess observed occurs through an edge-selective particle
fusion mechanism, with four type 1 nanoprisms com-
ing together in stepwise manner to form a type 2
nanoprism (Fig. 9.7). GNPs of various morphologies
such as triangular or hexagonal shapes can be gener-
ated using the photoreduction method by mixing Au3+
with sodium oxalate and a reducing agent, in aque-
ous solution under illumination by a mercury lamp for
more than 10 min. The size of the GNPs varies from
25 to 200 nm, mainly depending on the duration of
light illumination and the concentration of sodium ox-
alate [9.182].

Electrochemical Synthesis
This is a modification of the process described above,
developed to create anisotropy in the formed structures.
The electrochemical method was first proposed by Reetz
and Helbig in 1994 [9.108]. They demonstrated that
by adjusting current density, highly size-selective NPs
can be synthesized via an electrochemical reduction
method. Diverse nanostructures such as cubes, rods,
triangles, plates, etc., have been synthesized by this
method [9.183]. It has many advantages over other
methods since it has a lower processing temperature and
low cost, requires modest equipment, and offers good
control of size, shape, and morphology. The experimen-
tal setup (Fig. 9.8) for the electrolytic process includes
a two-electrode setup for 50–250 ml electrolyte solu-
tions in which the sacrificial anode consists of the bulk
metal to be transformed into a metal colloid. In a two-
electrode setup, GNRs were recently synthesized in
high yield [9.184]. In this process, gold and platinum
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Fig. 9.7a–e Bimodal growth of Ag nanoprisms. (a) TEM image of a sample of Ag nanoprisms formed using single-beam
excitation; inset histograms used to characterize the size distribution as bimodal. (b,c) SEM images of nanoprism stacks
showing that nanoprisms have nearly identical thicknesses. (d) Schematic diagram of the proposed light-induced fusion
growth of Ag nanoprisms. (e) Left: schematic diagram of dual-beam excitation. Middle: the optical spectra (normalized)
for six different-size nanoprisms prepared by varying the primary excitation wavelength. Right: the edge lengths as
a function of the primary excitation wavelength (after [9.181])

plates were used as the anode and cathode, respectively.
The electrolytic solution had a mixture of a cationic
surfactant or stabilizing agent and a cosurfactant, and
the electrodes were immersed in it. During electroly-
sis, bulk gold metal is oxidized at the anode, and the
metal cations at the interfacial region of the cathodic
surface are reduced, and in the presence of the cap-
ping agent, form GNRs. GNRs with various ARs can
be synthesized by this method.

Highly monodisperse gold nanocubes can be syn-
thesized by an electrochemical method, using a sur-
factant solution and acetone [9.185]. Here also a two-
electrode setup with gold and platinum plates as
the anode and cathode is used. These electrodes are
placed vertically face-to-face inside the cell, separated
by Teflon spacers in an aqueous solution of CTAB
and a much more hydrophobic cationic cosurfactant,
tetradecyltrimethylammonium bromide. Acetone was
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Fig. 9.8 (a) Schematic of the electrochemical setup used
for synthesis of gold nanocubes. (b) TEM images of
gold nanocubes. Inset Selected-area electron diffraction
(SAED) pattern taken from any individual nanocube by
directing the electron beam perpendicularly onto one of
its square faces. (c) UV/Vis absorption spectra of various
gold NPs obtained with different injection rates of acetone
(after [9.185])

also present in the growth solution. The electrolysis
was carried out under constant ultrasonication, which
resulted in the formation of Au nanocubes. The mech-
anism of formation is the same as discussed above.
Gold at the anode was oxidized to gold cations, which
then migrated to the cathode, where reduction oc-
curred with the formation of gold adatoms (Fig. 9.8a).
These adatoms were trapped by the surfactant to form
nanocubes (Fig. 9.8b). The surfactant, which doubles as
the electrolyte and the stabilizer, also forms a micelle
template to control the size and shape of the NPs. The
rate of injection of acetone was found to influence the
shape of the NP formed. Spherical NPs were formed at
lower concentrations of acetone. As the amount of ace-
tone increased a red-shift was observed in the UV/Vis
absorption spectra (Fig. 9.8c) of gold nanostructures.

Synthesis of GNRs has also been carried out via an
electrochemical method using a simple two-electrode
cell [9.186]. In this process, a gold metal plate acts
as the anode and a platinum plate as the cathode.
A cationic surfactant, CTAB, and a rod-inducing co-
surfactant were used as the electrolyte. Using a standard

three-electrode cell with a potentiostat, a platinum foil
counter electrode, and a saturated calomel electrode,
platinum nanothorns were synthesized electrochem-
ically at room temperature [9.187]. Here, platinum
nanothorns (Fig. 9.9) were electrodeposited on glassy
carbon substrate in 2 mM K2PtCl6 and 0.5 M H2SO4
solution by applying a square wave potential between
−0.20 and 0.80 V at 10 Hz for 20 min.

Using a templateless, surfactantless, electrochemi-
cal method, single-crystalline Ag dendrites were fabri-
cated on a Ni/Cu substrate by [9.188,189]. The applied
potential controlled the morphology and geometry of
the Ag particles. The morphology changed from Ag
polyhedrons to Ag dendrites, which preferentially grow
along the directions in a fractal mode, upon decreasing
the potential from −0.4 to −2.0 V [9.190].
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Template Mediated Synthesis
Recently, the template-mediated synthesis of 1-D nano-
structures with uniform size and controllable physical
dimensions has attracted a great deal of interest. The
advantages of this method over other methods are: ease
of fabrication, adaptability to various compositions of
materials, low cost, and high throughput [9.190, 192,
193].

Usually, nanoporous polycarbonate or alumina are
used as the template. Metals from which NP is to be
synthesized (Au, Ag etc.) are electrochemically de-
posited in the template structure. First, a small amount
of Ag or Cu is sputtered on the template to make
a conductive film for electrodeposition. Subsequently,
metal is electrochemically deposited onto the conduc-
tive template. The template is removed by selective
dissolution in the presence of a polymeric stabilizer
(e.g., PVP), and the nanostructures are dispersed either
in water or an organic medium by means of sonica-
tion. Template-mediated synthesis of GNRs is shown
in Fig. 9.10. By controlling the pore size of the tem-
plate, the diameters of synthesized structures can be
controlled [9.194]. Similarly, by regulating the amount
of metal deposited, the length of the structures can be
controlled [9.191].

Other Methods
Gold and silver NPs can also be synthesized via
top-down approaches. Nanosphere lithography [9.195]
is a powerful tool to produce NP arrays with con-
trolled shape, size, and interparticle spacing. This
approach uses self-assembled polystyrene nanospheres
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Fig. 9.10 (a,b) Field-emission SEM
(FESEM) images of an alumina mem-
brane. (c) Schematic representation
of the successive stages during for-
mation of GNRs via the template
method. (d) TEM micrographs of
GNRs obtained by the template
method (after [9.191])
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Fig. 9.9 (a) Large area SEM image of platinum nanothorns. TEM
images of the platinum nanothorn (b,c) with the corresponding se-
lected area diffraction (SAED) pattern and fast Fourier transform
(FFT) in the insets (after [9.187])

as templates. Diverse nanostructures such as disks,
chains, triangles, rings, etc., have been fabricated us-
ing this method [9.195]. The atomic force microscopy
(AFM)-based soft lithographic technique called dip-
pen nanolithography [9.196] can produce layers on Au
and in combination with wet chemical etching is able
to fabricate various nanostructures such as dots, lines,
rings, triangles, etc., with nanoscale precision. GNPs
have been generated using other top-down strategies
such as photolithography, electron beam lithography,
etc. [9.197]. However, these processes follow expensive
synthetic pathways and are industrially nonscalable.
Hence, bottom-up approaches are far more popular for
synthesis of NPs.
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9.4 Properties of Noble Metal Nanoparticles

Noble metal NPs have received a great deal of attention
for many applications due to their extraordinary prop-
erties. The spatial confinement of electrons controls the
physical and chemical properties of NPs. GNPs are clas-
sic systems though which the properties of noble metal
NPs can be understood. Properties of GNPs can be var-
ied by altering the size, shape, degree of aggregation,
and local environment. They exhibit characteristic col-
ors and unusual optical properties that strongly depend
on their size, shape, and the dielectric constant of the
surrounding medium. The characteristic wine-red color
of spherical GNPs stems from a phenomenon termed
localized surface plasmon resonance (LSPR) [9.199,
200]. When electromagnetic radiation of an appropriate
wavelength interacts with a metallic nanostructure, the
conduction electrons near a metal–dielectric interface
will be excited and undergo a collective oscillation rela-
tive to the lattice of positive nuclei with the frequency of
the incoming light resulting in LSPR (Fig. 9.11). A mo-
mentary electric field is generated on the surface of the
NP as a result of the oscillations. This can extend into
the dielectric over nanometer length scale and hence can
give rise to an enhancement of the incident field by sev-
eral orders of magnitude, resulting in novel properties
of NPs. One of the first investigations of the interac-
tion between NPs and light was done by Faraday in the
nineteenth century on his gold colloid.

A complete theory to understand plasmon resonance
absorption and color of metal colloids in solution was
developed by Gustav Mie in 1908 when he studied the
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Fig. 9.11 (a) Propagation of surface
plasmons on a metal surface. (b) Lo-
calized surface plasmons in metal
nanospheres (after [9.198]). (c,d) Ab-
sorption spectra of gold nanospheres
and NR, respectively. Correspond-
ing TEM images of spherical and
rod-shaped GNPs are shown in the
inset

theory behind the scattering and absorption of electro-
magnetic radiation by a sphere [9.201]. In its original
form, Mie’s theory was able to explain the spectral prop-
erties of spherical particles. The theory showed that the
total extinction cross-section comprises contributions
from the scattering and absorption cross-sections, i. e.,
the extinction cross-section, σext = σabs +σscat (absorp-
tion cross-section + scattering cross-section). When the
size of the NP is smaller than the wavelength of light
(λ � 2r, where r is the radius of the NPs), Mie’s theory
reduces to [9.202–204]

σext(ω) = 9
ω

c
ε

3/2
m V

ε2(ω)

[ε1(ω)+2εm]2 + ε2(ω)2
,

(9.12)

where V is the volume of the particle [(4π/3)r3], ω

is the angular frequency of the exciting light, c is the
velocity of light, εm is the dielectric function of the sur-
rounding medium of the NPs, and ε1 and ε2 are the
real and imaginary parts of the dielectric function of the
NPs, respectively, i. e., ε(ω) = ε1(ω)+ iε2(ω). The con-
dition for resonance is ε1(ω) = −2εm, if ε2 is small and
is a weak function of ω. For Au NPs in air, this can
happen around λ = 520 nm [9.205].

In order to explain the properties of other shapes
(oblate and prolate spheroidal particles), in 1912
Gans remodeled Mie’s theory and predicted two well-
defined, distinct surface plasmon modes for these metal
NPs [9.206]. It is important to note that the details of
the LSPR response of metal nanostructures depend on
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different variables such as size, shape, environment, di-
electric function, effective mass, and electron density.
GNRs are classical examples to demonstrate the shape-
dependent LSPR properties. Unlike nanospheres (which
have only one well-defined resonance peak), GNRs in
their optical spectrum exhibit two bands in the visi-
ble/near-infrared (NIR) regions (Fig. 9.11). According
to theoretical calculations, the first band near 530 nm
(called transverse LSPR) is due to electron oscillation
perpendicular to the long axis of the NR and the other
one, appearing at a longer wavelength (called longitudi-
nal LSPR mod) is assigned to an oscillation parallel to
the long axis (Fig. 9.11). For anisotropic NPs like disks
and triangular prisms, LSPRs are split into distinctive
dipole and quadrupole plasmon modes [9.207].

The advent of new spectroscopic techniques has re-
sulted in the capability to use surface plasmons for
imaging single NPs. Sonnichsen et al. have developed
a fast and flexible technique using total internal re-
flection spectroscopy to measure the optical scattering
spectra of single metallic NPs [9.208]. By embedding
noble metal NPs in an electrooptical material such as
a liquid crystal, which induces a spectral shift of the par-
ticle’s plasmon resonance by applying an electric field,
the same group later showed that single NP scattering
can be measured [9.209]. Using a similar method based
on single-particle scattering, biomolecular recognition
has also been proposed [9.210]. By this technique,
GNRs were used as nonbleaching plasmon-based ori-
entation sensors recently [9.211]. The polarized light
scattering from individual GNRs was monitored in
a dark-field microscope, and through observation of the
rotational diffusion of gold rods attached to a glass
surface, it was demonstrated that their orientation as
a function of time can be determined [9.211]. This
property was used for probing protein–membrane in-
teraction as well [9.212]. Using plasmon spectroscopy,
Mulvaney et al. recently showed that chemical reactions
on single molecules can be probed [9.213]. They inves-
tigated the kinetics of atomic deposition onto a single
gold nanocrystal. The electron injection and extrac-
tion during a redox reaction involving the oxidation
of ascorbic acid on a gold nanocrystal surface was
also monitored. Hence, for the first time it was estab-
lished that direct measurement of the rates of redox
catalysis on single nanocrystals is possible. It was es-
tablished that 2-D array detectors would enable the
acquisition of spectra from pixels along a line in the
field of view and using push-broom scanning technol-
ogy, 2-D hyperspectral images can be obtained [9.214].
Becker et al. selectively measured spectra of up to 20

plasmonic NPs per exposure using an electronically ad-
dressable mask [9.215]. However, a condition such that
only a few NPs are present within the field of view
was maintained throughout the measurements. Here for
the first time they used single-particle spectroscopy
to monitor the growth process of GNPs [9.215]. Us-
ing a grating monochromator to select a 2 nm spectral
band for dark-field illumination, Liu et al. were able to
achieve high-resolution imaging [9.216]. Au plasmonic
NPs (PNPs) and NWs were imaged with relatively
high spectral resolution and exposure time of 2 s per
band. SPR plasmon resonance can result in a huge en-
hancement in the local electric field around the GNP
surfaces [9.200, 217]. The local electric field around
the NP surfaces can get a huge enhancement due to
SPR [9.200, 217]. At the tip of a metal NP or a rough
metallic surface, a highly localized and strong electric
field can develop due to the interaction between the
electromagnetic field and the free electrons. This results
in the creation of a large electric field at the sharp tips
or vertices of the NPs, leading to an enhancement in
the Raman scattering cross-section by several orders of
magnitude [9.218, 219]. This effect, known as surface-
enhanced Raman scattering (SERS), was first observed
by Fleischman et al. in 1974 [9.220]. This huge en-
hancement enables single-molecule spectroscopy, and
the SERS activity depends on different parameters such
as the size and shape of the NPs, the dielectric envi-
ronment, the wavelength of the excitation light source,
and the interparticle spacing between the NPs [9.221].
Shape dependence can be explained well by considering
different GNPs. Gold mesoflowers [9.160] and trian-
gles [9.157] were found to have higher SERS activity
compared to their spherical analogs, owing to the higher
electric field generated at the tips and edges of these
NPs.

Chemical reactivity of NPs is also dependent on
their surface area. These NPs are made-up of tens to
several thousands of atoms. Each NP has a hybrid elec-
tronic structure having aspects of both discrete energy
levels as in atoms or molecules and the band structure
seen in metals. At considerably lower size regimes, i. e.,
below 2 nm, gold and silver NPs lose their metallic char-
acter substantially and start to exhibit molecular-like
transitions under ambient conditions. Size ranges below
2 nm will not have the continuous band structure like
bulk gold, and hence very small NPs (< 2 nm) do not
possess continuous band structure like bulk gold and
will start to demonstrate fascinating electronic proper-
ties. This aspect is briefly described in a later section
(Sect. 9.8). Noble metals are considered to be the most
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inert of all metallic elements. However, gold and sil-
ver NPs are known to show very good catalytic activity.
In 1987, Haruta found that, when deposited on metal
oxide supports, Au NPs smaller than 10 nm have high
degree of catalytic activity [9.222]. They were found to
be excellent in converting toxic carbon monoxide into

carbon dioxide at room temperature. Moreover, due to
their nontoxic nature and high surface-to-volume ratio,
noble metal NPs were found to be excellent candidates
as catalysts for a variety of chemical reactions includ-
ing hydrogenation, CO oxidation, selective oxidation,
and nucleophilic additions [9.223, 224].

9.5 Postsynthetic Tuning of Properties

Tuning the properties of nanosystems is usually done
during synthesis. Postsynthetically, properties can be
tuned via chemical interactions or through assembly.
Nanosystems that interact with chemical entities can
result in either reactions or organization. Before using
any system in practical applications, the reactivity of
the system must be studied thoroughly. Reactions can
lead to size changes, shape or morphology changes, or
composite formation. All this will result in changes in
properties, and through precise control over the reac-
tion conditions, we can tune the resultant properties.
Small molecular interactions can sometimes result in
self-organization as well. Self-organization can some-
times result in the creation of new superstructures with
novel or enhanced properties. The resultant properties
can be regulated by controlling self-organization. Con-
siderable efforts have been dedicated to this, and some
of these are reviewed below.

9.5.1 Tuning Properties
Through Chemical Reactions

Postsynthetic chemical transformations of nanostruc-
tures through controlled reactions are attracting grow-
ing interest. Through this method we can greatly
diversify the composition of the material, or sometimes
it can result in the formation of novel structures consist-
ing of multiple components, which may not be possible
through direct synthetic processes [9.225–227]. The
high mechanical stress generated during the transfor-
mations enables the creation of novel structures [9.228].
The main chemical transformation reactions frequently
employed in nanosystems are redox reactions and
ion-exchange reactions. Redox reactions, especially
galvanic displacement reactions, are some of the most
studied reactions for bringing about chemical transfor-
mation in metallic nanosystems [9.229]. The reactivity
of spherical NPs has been extensively reviewed [9.1,
230–232]. Hence, this section mainly concentrates on
nonspherical, anisotropic particles. Moreover, the inher-
ent diversity in the surface structure of anisotropic NPs

gives us an additional tool to regulate the reaction of
these NPs and the resultant properties. Change in size or
shape can greatly influence change in properties. A re-
view of efforts that have been made to tune properties
postsynthetically is presented below.

Reactions of Gold Nanorods
GNRs belong to the most studied class of 1-D nanosys-
tems and can be taken as the best example to illustrate
the reactivity of 1-D nanosystems. Optical proper-
ties of metallic NPs that originate from SPR have
many application possibilities. The absorption cross-
section of NPs, being orders of magnitude stronger
than the strongest absorbing molecules, can impart in-
tense color to the suspensions. In the case of isotropic
spherical GNPs, a single, strong SPR absorption band
in the visible region around 520 nm is observed. In
contrast, anisotropic GNPs can have several plasmon
resonance modes spreading from the visible to NIR re-
gion due to various excitation modes. The absorption
in the NIR region has both therapeutic and imaging
applications in tissues, because in this range of wave-
lengths, biomaterials do not have significant absorption.
Hence anisotropic NPs have applications in biochemical
sensors [9.233], biological imaging, and medical thera-
peutics [9.234]. The UV/Vis spectrum of GNRs has two
characteristic maxima [9.235]. The first one, called the
transverse surface plasmon resonance (TSP), is located
around 520 nm and originates from the oscillation of
electrons along the breadth of the NR. The second max-
imum is due to the longitudinal surface plasmon (LSP)
resonance and is due to the oscillation of the electron
cloud along the length of the NR, appearing at a longer
wavelength. This band will shift to a higher wavelength
region with an increase in AR (length/breadth). As
mentioned earlier, the exceptional tunability of the pho-
tophysical properties of GNRs gives them an edge over
their isotropic counterparts. This aspect is illustrated in
Fig. 9.12. Doubling the diameter of a spherical NP only
results in a minimal change in the spectral position. The
sizes of GNRs are represented by a term called the AR
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Fig. 9.12 UV/Vis spectra of spherical and rod-shaped
GNPs indicating the tunability of anisotropic NRs (af-
ter [9.236])

which is the length divided by the breadth of the NR.
A change in the AR of GNRs will change the spectrum
considerably, and absorption can be tuned throughout
the UV/Vis/NIR window [9.236].

The surface structures of isotropic and anisotropic
GNPs differ drastically from each other. GNRs espe-
cially have an anisotropic crystal structure and have dif-
ferent fractions of atoms at edges, faces, and tips. Spher-
ical GNPs are generally composed of either {111} or
{100}. Usually {110} facets will be absent owing to their
inherent instability compared with the other two low-
index planes [9.237, 238]. However, in GNRs, the rod
axis will be oriented along the {001} direction and the
side faces are composed of {110} [9.239]. The tips will
be mainly composed of {111} and {100} facets [9.239].
Recently, it was found that high-index planes such as
{250} also can be present on GNRs [9.240].

CTAB, the surfactant used in synthesis of GNRs,
has high affinity towards the {110} surface and will
preferentially stabilize {110} planes, giving anisotropic
surface structures for GNRs [9.239]. Due to the
anisotropy of the surface crystal structure, the distribu-
tion of surfactant on the surface is also anisotropic. Due
to the presence of {110} facets, the distribution of CTAB
on the side faces is thicker compared with on the tips.
This gives an additional tool to control the reactivity of
GNRs. Incoming species attack the end faces first, and
reaction starts from the tip of the NRs. Jana et al. stud-

ied the reactivity of gold spheroids and NRs prepared
in the presence of silver nitrate (AgNO3) with cyanide
and persulfate [9.241]. They showed that, in the pres-
ence of cyanide, dissolution of GNRs (AR 2–5) occurs.
They also found that the reaction starts at the tips and
that throughout the reaction the width remains constant,
leading to the formation of lower-aspect-ratio NRs.
The reaction leads to the formation of spheres, which
also ultimately dissolve. Time-dependent UV/Vis spec-
troscopy showed progressive dampening of LSP and
a blue-shift indicating the decrease in the AR of NRs.
After some time, only the TSP was seen, indicating the
transformation of rod-shaped NPs into spheres. After
the completion of the reaction, no feature pertaining to
gold nanostructures remained, indicating complete dis-
solution of the GNRs. No clear mechanism of reaction
was proposed. The reactivity of GNRs prepared in the
absence of AgNO3 was examined as well [9.242]. Here
the reactivity was found to be different. Instead of de-
creasing the AR, dissolution occurred at various spots
along the side edges. During the reaction, various pits
were formed on the side faces but the length of the
NRs remained the same. Here also, no mechanism was
put forward for this anomalous behavior of long NRs
prepared in the absence of AgNO3.

Charge-induced instabilities of GNRs were also
studied [9.243]. They found that shape changes can
be introduced in metallic NRs through double-layer
charging. They found that addition of electrons in the
form of reducing agents such as sodium borohydride
(NaBH4) or ascorbic acid (AA) can induce size and
shape changes in small metallic NRs. Introduction of
small quantities of electron densities resulted in red-
shift of the surface plasmon band, and the end caps of
the rods underwent increased faceting. Charge-induced
faceting results in the creation of the lower-energy {111}
facets. They found that more sharp edges are formed
during the process. This is explained as an unusual
example of Le Chatelier’s principle in action. At crys-
tallographic discontinuities, the particle electric field
will be the highest. These edges can provide hot spots
for driving hydrogen evolution, which catalyzes the
discharge of the GNR double layer. In the presence
of higher electron densities, the Rayleigh threshold is
crossed and the rods fragment into clouds of smaller
spheres. By the formation of spherical NPs which have
predominant {111} facets, the formation of the more
stable crystal facets results in the surface stress being
relieved in a favorable pathway.

Reshaping GNRs by thermal treatment is also re-
ported in [9.244]. It was found that, with increase in
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Fig. 9.13a–d Oxidation of GNRs. (a) UV/Vis spectra ac-
quired every 1 min. TEM images of (b) initial GNRs,
(c) shortened NRs, and (d) spherical particles formed due
to oxidation (after [9.247])

temperature, the length of the NR decreases, resulting
in decrease of the mean AR of the NRs in solution.
Heating the dried NRs on the TEM grid itself did
not produce a similar shape change. Hence, it was
concluded that the relative instability is due to the in-
stability of micelles capping the NRs. The calculated
activation energy needed for the thermal decomposition
of the micelles was found to be 21.0±1.0 kcal/mol.
A photon-induced shape transition process was reported
by Chang et al. [9.245]. NRs were exposed to laser
lines of two different frequencies, 532 and 1064 nm,
and it was found that, due to photoannealing, rod-to-
sphere conversion occurred. In the case of 1064 nm, new
φ-shaped structures formed. A shape change of NRs in-
duced by femtosecond and nanosecond laser pulses has
been reported by Link and El-Sayed as well [9.246].

A mild oxidation method using O2 which results in
continuous selective shortening of GNRs was reported
by Tsung et al. [9.247]. Figure 9.13a shows the UV/Vis
spectral changes accompanying the oxidation. The LSP
blue-shifts and decreases in intensity with oxidation,
while the TSP remains at 520 nm and decreases in in-
tensity, pointing to shortening of the GNRs. As further
oxidation happens, the LSP disappears and only the TSP
is seen, pointing to the formation of spherical NPs. Sub-
sequently, oxidization also occurs, as demonstrated by
the disappearance of the TSP. Similar observations were
seen by TEM as well (Fig. 9.13b–d). The rate of oxida-

tion can be controlled by manipulating the temperature
and acid concentration. At the same time, a strategy to
fine-tune the AR of GNRs using Cu2+ was devised by
Pradeep et al. [9.248]. The advantage of the reaction
was that it can be stopped at any point of time by simply
removing the heating device, and the NR of desired AR
can be obtained (Fig. 9.14). It was also found that the re-
action can be controlled in such a way that it starts from
either the tip or the rod body by adjusting the presence
or absence of the surfactant [9.248].

Spatially directed oxidation of GNRs by the Au(III)–
CTAB complex has also been reported [9.249] through
a redox reaction between Au0 and [AuCl4]−. Oxidation
preferentially occurs at surface sites with higher curva-
ture such as the tips of the NRs. This peculiar oxidation
was attributed to the differences in the flux of micelles
to highly curved and flat surfaces of GNRs. Morpholog-
ical transformation of GNRs induced by iodide formed
in situ by the reaction between potassium iodide and
copper chloride was reported by Wang et al. [9.250].
It was found that the thus-formed iodide could fuse
GNRs in the side-by-side mode, which in turn can result
in morphological transformation of GNRs to spheres.
Characteristic changes in the absorption spectra with the
decrease of AR, such as blue-shift of the LSP band, red-
shift of the TSP band, as well as a broadening of both
of these bands, were seen. They proposed this methodol-
ogy for quantification of iodide without the interference
of elements such as F−, Cl−, and Br−, etc.

Curvature-directed oxidation of GNRs and gold
pyramids was investigated by Kou et al. [9.251]. Ox-
idation was found to happen selectively at surface
sites with high curvature. By varying the amount of
H2O2 and HCl, the oxidation rate can be controlled.
The oxidation rate increased in the order: CTBAB-
stabilized Au bipyramids, CTBAB-stabilized GNRs,
CTAB-stabilized GNRs. Through this method, the LSP
band can be precisely controlled from 650 to 1300 nm.
Overgrowth of different metals on GNR was also inves-
tigated [9.252]. They found that, depending upon the
metal used, either single-crystalline or polycrystalline
shells will grow on GNRs. In the case of Au and Ag,
single-crystalline thin shells were formed, and for Pd
the shell was polycrystalline. This was attributed to the
lattice mismatch between Au and Pd. Because of the
anisotropic surface structure, the competition between
the overgrowth on different surface facets resulted in
highly anisotropic overgrowth. Due to the strong inter-
action between the {110} facet and CTAB, {110} was
less accessible for overgrowth compared with the {111}
and {100} facets. Hence, anisotropic overgrowth occurs,
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Fig. 9.14 (a) Reaction mixture at different time intervals of
reaction, depiction of color changes. (b) Time-dependent
UV/Vis spectra of reaction (y-axis: extinction (O.D.),
y-axis: wavelength (nm)). (c–e) TEM images of the
NR, nanosphere, and intermediate structure. Formation of
GNRs with various aspect ratios is evident from (b) (af-
ter [9.248]) �

and this results in the formation of dumbbell-shaped
NRs.

Transverse overgrowth of GNRs by the attachment
of thiol-containing molecules such as glutathione and
cysteine onto their ends was reported [9.254]. It was
found that, as the concentration of the Au precur-
sor increased, the shape underwent a gradual change
from rods, peanuts, and truncated octahedra to faceted
spheres. The attachment of glutathione and cysteine
onto the end faces blocks longitudinal growth and al-
lows growth on the side faces, resulting in an increase of
diameter while retaining the length constant. This was
also found to be excellent for tailoring the plasmonic
characteristics of the GNRs. By combining the selec-
tive shortening and controlled transverse overgrowth,
Ni et al. devised a strategy to tune the LSP band of
GNRs [9.255]. GNRs were used as the seed for making
silver nanostructures, utilizing the anisotropic surface
structure [9.253]. Both homogeneous and anisotropic
coatings of Ag were created. This resulted in the for-
mation of an orange slice-like shape for the Au@Ag
nanocrystal. Figure 9.15 shows the UV/Vis extinction
spectra during the formation of the Ag shell. The inset
image shows SEM images of the structures formed. The
preferential growth of the {110} facets was found to be
the primary reason for the formation of the structure.
Two neighboring {110} facets among the four present
on the side faces grow faster compared with the others.
The strong stabilization of CTAB onto the {110} facets
of Ag and the minimization of the overall surface en-
ergy were given as the reasons for this selective growth.
Carbó-Argibay et al. reported a chemical method for
sharpening the GNRs which results in the rod to octahe-
dron shape transition [9.256]. Rods with sharp tips and
strongly faceted lateral faces were formed first. Later,
they transformed into octahedrons. The growth rates on
different facets were found to be different, following the
order: {111} < {110} < {100}. This is believed to be due
to the preferential attachment of poly(vinyl pyrrolidone)
(PVP) to different body-centered cubic (bcc) facets,
which alters the surface energies.

Competing growth of the Pd shell between {110}
and {100} facets on the side faces of GNRs, which
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resulted in the formation of rectangular Pd/Au bimetal-
lic NRs, was reported by Xiang et al. [9.257]. The
surface energy of the {110} facet is higher compared
with that of {100}. Hence, a driving force to minimize

300 450 600 750 900

Extinction (arb. units)

Wavelength (nm)

0.75

0.6

0.45

0.3

0.15

0

a
b
c
d
e
f
g
h
i

Fig. 9.15 UV/Vis extinction spectra during the formation of the Ag
shell after seed addition at: (a) 0 min, (b) 2 min, (c) 4 min, (d) 6 min,
(e) 8 min, (f ) 10 min, (g) 12 min, (h) 14 min, and (i) 30 min. In-
serts: SEM images showing intermediate shapes of the Au@Ag
nanocrystals during the growth process (after [9.253])
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the overall surface energy by changing the morphol-
ogy exists. As a result, palladium grows faster along
the {110} planes than along the {100} planes. This in
turn produces an enlargement of the {100} surfaces
by sacrificing {110}. After some time, {110} facets
disappear and a rectangular Pd shell terminated with
four {100} side surfaces is formed, as illustrated in
Fig. 9.16. GNRs were used as a template for synthesis
of other anisotropic structures as well. Obare et al. used
polystyrene and silica-coated GNRs as templates for
creating hollow nanotubes [9.258]. Silica-coated GNRs
(AR 13) were coated with polystyrene. Dissolution of
the GNR core by the use of KCN resulted in the forma-
tion of hollow nanotubes.

Other Common Reactions
on Noble Metal Nanostructures: Examples

As was discussed earlier, there is keen interest in en-
hancing the properties of anisotropic nanosystems by
carefully engineering their structure and composition.
Of the many strategies employed, galvanic replacement
reactions deserve special mention. The high tunabil-
ity and versatility, and the possibility to study alloying
and dealloying in metallic nanostructures give these re-
actions utmost importance in postsynthetic design of
nanosystems. Galvanic reactions are spontaneous reac-
tions occurring when the atoms of one metal react with
ions of another metal having a different electrochem-
ical potential, whereby the metal atoms having lesser
reduction potential are oxidized and dissolved into the
solution, while the metal ions are reduced. Through
this methodology, versatile structures such as hollow
NPs, alloyed nanostructures with controllable elemen-
tal composition, and nanosystems with tunable optical
properties have been created [9.259, 260]. Figure 9.17
shows such a reaction done on truncated Ag nanocubes.
Another advantage of the galvanic replacement reac-
tion is the controllability of the final morphology, which
closely resembles the starting template.

Galvanic replacement reactions of Ag nanocubes
have been well studied. With HAuCl4, Ag nanocubes
are reported to show interesting galvanic reactions. The
reaction can be divided into two half-reactions as fol-
lows: The half-reaction showing dissolution of metal at
the anode is (standard hydrogen electrode (SHE)

Ag+
aq + e−

aq → Ags(0.80 V versus SHE) . (9.13)

The half-reaction showing reduction/deposition of the
metal ions at the cathode is

Au3+
aq +3e−

aq → Aus(1.50 V versus SHE) . (9.14)
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Fig. 9.16 (a) Low-resolution TEM image of single
bimetallic NRs. High-resolution TEM images of bimetallic
NRs when the electron beam is aligned in the [001] (b) and
[011] (c) directions, showing the distribution of the atoms
on the {001} and {111} faces, respectively. Insets show
the corresponding FFT transform images. (d) Cross-section
showing the morphology transition from pure GNRs to
Pd/Au bimetallic NRs (after [9.257])

Hence, the total reaction is

Au3+
aq +3Ag0

aq → Aus +3Ag+
aq . (9.15)

These equations are valid only at standard conditions (at
25 ◦C). A change in temperature to 100 ◦C, the presence
of Cl− ions, and other nonstandard conditions can affect
the potentials [9.261, 262].

Starting with a variety of shape-controlled nanoma-
terials as templates, hollow nanostructures of a variety
of materials with well-defined and controllable sizes
and shapes have been reported through galvanic reac-
tions. Reaction between Ag nanocubes and HAuCl4
where hollow nanostructures are formed has been re-
ported [9.175]. The reaction was done at 100 ◦C to avoid
deposition of AgCl on the surface of the nanostruc-
tures formed. Time-dependent SEM analysis showed
that small pits formed on the surface of the cubes, first
mainly at defect sites. As the reaction continued, these
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pits expanded into the interior of the nanocubes, re-
sulting in hollow structures. It was also found that, by
controlling the reaction parameters, different structures
such as nanocages, nanoboxes, etc., could be gener-
ated using this methodology. The creation of nanocages
with controllable pores was possible when different
facets were present on the surface of the starting Ag
nanocubes [9.263]. Galvanic reaction on 42 nm Ag
nanocubes with truncated corners having six {100}
facets and eight {111} facets, and some {110} facets
at the truncated parts, resulted in the formation of final
pores selectively on the {111} facets at the corners. Af-
ter the replacement reaction, the pores found at all eight
corners (consisting of {111} facets) were uniform in
size and shape. The facet-selective reactivity observed
is explained as being due to the preferential binding
of PVP to {100} facets of Ag compared with {111}
facets, thereby making the {111} surface more exposed
for reactions.

Galvanic reactions normally preserve the morphol-
ogy of the starting materials. However, when the
facet-selective reaction was started with 24 nm spherical
Ag particles, this morphology changed to octahe-
drons [9.266]. Starting Ag particles had {111} and {100}
facets. As discussed above, the pitting reaction hap-
pened on the {111} facet and deposition of Au on the
{100} facet. Due to the smaller size of the particles,
this resulted in a change in morphology. A similar tran-
sition was seen in the case of 11 nm Ag spheres as
well [9.267]. Similar reactions are also applicable for
polycrystalline materials [9.268–270].

Hollow nanotubes can also be made using an anal-
ogous method. Ag NWs having five twin-planes along
the length of the wire together with a pentagonal cross-
section were treated with HAuCl4 [9.271]. Multi-walled
structures such as nanorattles, multi-walled nanoshells,
and multi-walled nanotubes can be made using this
reaction [9.77, 271]. By electroplating, a thin layer
of pure Ag was coated on the surface of Au-Ag al-
loy particles, and the consequent reaction resulted in
multi-walled structures. Using a comparable strategy,
a single-step, large-scale methodology for the pro-
duction of nanoframes of different morphologies was
reported by Sun et al. [9.77].

The difference in surface energies between common
facets of face-centered cubic (fcc) metals were used
for fabricating hollow Au-Ag octahedrons containing
GNRs [9.272]. The difference in surface energy resulted
in an uneven growth rate and a complete change in
the morphology. GNRs to begin with had {111}, {100},
and {110} facets. After deposition of Ag, all the rods

100 nm

{111}

{100}

a)

b) c)

Fig. 9.17 (a) Schematic showing the morphological changes dur-
ing the different stages of the galvanic replacement reaction with
truncated Ag nanocubes. (b) SEM (with TEM inset) of truncated
Ag nanocubes. (c) SEM (with TEM inset) of Au nanocubes with
rounded edges (after [9.264])

50 nm
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b) c) d)

Fig. 9.18 (a) Schematic summarizing the formation of cubic Au
nanoframes by treating Ag nanocubes with HAuCl4 to form Au-Ag
nanoboxes (b), and then etching with ferric nitrate to form thin-
walled nanoboxes, (c) and eventually cubic nanoframes (d). Inset
scale bars are 50 nm (after [9.265])

transformed into Au@Ag octahedrons capped by {111}
facets. When the resultant particles were treated with
excess HAuCl4, hollow Au-Ag octahedra containing
GNRs were formed. A similar reaction has been ob-
served out in organic media as well.

Galvanic reactions of Pd NRs with HAuCl4 did
not produce hollow structures. Instead, solid tadpole-
like structures having a Pd tail and an Au head were
formed [9.273]. As the reaction proceeded, Au was
deposited first at one end and then both ends. The se-
lective deposition was attributed to electron–electron
repulsion, which pushes the electrons generated during
Pd oxidation to either ends of the rod, resulting in the
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reduction of Au3+. After some time, the Au head in-
creased in size and eventually fell off the structures.
A similar study of polycrystalline Pd rods resulted in
a nonrandom alloy with an Au-rich core and a Pd-rich
shell. A similar morphology was formed when Co NRs
were treated with Au precursors as well [9.274].

Introduction of a wet etchant such as ferric nitrate
(Fe(NO3)3) can influence the galvanic reaction between
Au and Ag [9.276, 277]. This enables removal of Ag
without deposition of Au, resulting in better control of
wall thickness, composition, and resultant optical prop-
erties. Ag nanocubes were treated with HAuCl4 first,
which resulted in the formation of small pits. On treat-
ment with Fe(NO3)3 solution, thin-walled nanoboxes
were formed. As the concentration of Fe(NO3)3 added
increased, the thin-walled nanoboxes were converted to
nanoframes. This transition was attributed to the higher
susceptibility of {100} facet towards etching (Fig. 9.18).

Due to their catalytic applications galvanic replace-
ment of Ag nanocubes with Pt and Pd precursors have
been well studied [9.278]. Reaction between 50 nm Ag
cubes and Pt precursor resulted in hollow structures
with rough exterior. This was attributed to the lack of
miscibility between Pt and Ag at the reaction temper-
ature (100 ◦C), but when the reaction was done with
Pd, the surface of the structures formed was smooth.
However, the reaction never went beyond the nanobox
stage. When the galvanic reaction was done with two
or more metal ions, the order of addition was found to
influence the resultant morphology [9.78]. In the case
of Au and Pd reaction with Ag nanostructures, addition
of Pd before Au resulted in products with large pores.
However, first reaction with Au and subsequent reac-
tion with Pd resulted in solid walls. In the case of Au,
there was a difference in reactivity between [AuCl4]−
and [AuCl2]−. The striking difference between Au(I)
and Au(III) was the early disappearance of the pinhole
in the case of Au(I), due to the larger amount of Au
deposited for the same amount of Ag being dissolved.
Structure-wise, in the case of Au(I), the walls of the
nanocages were thicker compared with those formed for
Au(III).

An epitaxial growth process by which Au nanooc-
tahedra were changed to Pd and Ag nanocubes was
reported by Fan et al. [9.279]. Au nanooctahedra
were used as seeds, and through the use of a seed-
mediated growth method, shape transition was realized.
The formation of an asymmetric hollow structure from
a heterometallic NR by partial galvanic reaction was
demonstrated by Seo and Song [9.275]. They found that
asymmetric single-hollow or symmetric double-hollow
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Fig. 9.19a–h Schematic representation of the galvanic re-
placement in Ag-Au-Ag heterometallic NR. SEM and
TEM (insets) images of (a) original heterometallic NR and
(b–d), (f), and (g) hollow structures at different concentra-
tions of Au3+. (e,h) Energy-dispersive x-ray spectroscopy
(EDAX) line profiles along the long axes of the hollow
structures (after [9.275])

NRs could be generated from Ag-Au-Ag heterometallic
NRs. The breaking of symmetry was a result of random
pit formation on the Ag end. The reaction scheme and
the structures formed are shown in Fig. 9.19. Production
of triangular gold nanorings by galvanic replacement re-
action of ultrasonically synthesized Ag nanoplates was
reported by Jiang et al. [9.280]. The nanoplates and
nanorings were highly single crystalline and had (111)
planes as the basal planes.

The diffusivity difference between metals can give
rise to the formation of hollow structures by a phe-
nomenon known as the Kirkendall effect (KE). If the
inner material diffuses outwards faster than the rate at
which the outer material diffuses inwards, voids will
form. In nanosystems, such an effect can result in the
formation of hollow structures. Several reports exist in
this regard [9.267, 281–284]. Recent studies reveal that
the formation of some of the hollow structures discussed
above through galvanic replacement reactions can also
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have a contribution from the KE [9.283]. Reaction be-
tween cobalt nanocrystals in solution with oxygen and
either sulfur or selenium can result in the formation
of hollow nanocrystals through the KE [9.281]. Re-
cently, a size-dependent nanoscale KE observed during
the oxidation of nickel NPs was reported by Rails-
back et al. [9.285]. Depending upon the size of the NP,
either single-pored or multipored NiO nanostructures
were formed. It was found that the fast self-diffusion
of Ni compared with its rate of diffusion through the
NiO shell resulted in the single-pore structure. When the
diffusion was not fast enough, multiple pores resulted.

9.5.2 Modification of Properties –
Formation of Superstructures

Tapping the incredible properties exhibited by NPs into
useful applications is challenging when one is working
with individual NPs. Assembling them into well-
arranged superstructures is one of the ways to make use
of these systems in modern day science and technol-
ogy. Assemblies of NPs are important for many fruitful
applications. Functionalization of noble metal NPs is
comparatively easier and this makes them attractive
candidates for making diverse superstructures. Creation
of their one, two, or three-dimensional assembled struc-
tures can enhance the properties or can sometimes give
rise to novel improved properties due to the effective
coupling of different domains. Noble metals (mainly
gold and silver) owing to their biocompatibility, tun-
able optical properties, and easy synthesis, have been
extensively used to create superstructures that are useful
in studying various properties including SERS, metal–
insulator transitions, interplasmon coupling, etc.

Assembly can be brought about by using molecular
linkers, templates, or spacers in well-organized peri-
odic one, two- or three-dimensional superstructures. For
spherical NPs solid superstructures called particle crys-
tals or SLs [9.286–288] can be generated via bottom-up
or top-down approaches. A high degree of monodis-
persity is the prerequisite for making such SLs over
a long range. The changes in properties of individual
NPs in the collection can be understood by studying
these structures. For example, changes in optical prop-
erties such as interplasmon coupling and changes in
transport properties including metal–insulator transi-
tions, etc., can be understood in a better way by studying
the properties of SLs [9.286]. Various strategies such
as electrostatic self-assembly, solvent evaporation on
a substrate, self-organization at interfaces, covalent and
hydrogen bonding, biochemical interaction, van der
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Fig. 9.20 (a–e) SEM images of superlattices made of
GNPs at various magnifications. (d,e) Clear images of
large area ordered arrays of NPs. (f) Small-angle x-ray
scattering showing the regular array of atoms in SLs. From
the authors’ laboratory

Waals and dipole interactions, etc. [9.289], have been
utilized to create SLs of GNPs. Several well-written
reviews are available on this topic [9.289, 290].

Digestive ripening, the SMAD method, and
hydrogen-bonding methods are used extensively to cre-
ate SLs [9.289]. Thiol-protected GNPs synthesized
by the SMAD process upon digestive ripening will
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spontaneously form 2-D and 3-D SL crystals via self-
organization. Changing the pH of the solution by the
addition of acid (pH ≈ 2) resulted in the organization
of MSA acid-protected GNPs into beautiful 3-D struc-
tures [9.287, 291]. The formation of hydrogen bonding
between the dicarboxylic acid moieties present on the
adjacent NPs drive the assembly formation. Formation
of a brown mirror-like appearance on the air/water in-
terface after a few days indicates SL formation [9.292].
Diverse morphologies such as triangles, hexagons, etc.,
were adopted during the crystal formation. Some rep-
resentative SLs formed by these interactions are shown
in Fig. 9.20.

Spherical particles that are isotropic will experience
the same interactions in all directions in a 3-D assembly
and the resultant effect as well as collective proper-
ties will be the same. Only the extent of interaction
and hence the change in properties will vary depend-
ing upon the dimensionality of the assembly. Unlike
isotropic NPs, the inherent anisotropy of anisotropic
NPs adds a directional dependence on the assembly and
the consequent interactions between NPs. A variety of
factors plays seminal roles in assembling NPs in an or-
dered manner, without the formation of complex 3-D
aggregates. The following section reviews different as-
semblies of various nanostructures and various forces
inducing such assemblies.

Assembly of Gold Nanorods
The crystal structure and crystallographic planes
present on the NP surface plays important part in reg-
ulating their assembly. Unlike spherical NPs, which
have an isotropic crystal structure entirely composed
of either 〈111〉 or 〈100〉 planes, the surface structure
of anisotropic NPs are different. GNRds are classical
examples of this anisotropic surface crystal structure.
The GNR surface is highly anisotropic consisting of
different facets (Fig. 9.21a,b) [9.239]. The edges (side
faces) of GNRs are constructed by 〈110〉, and their tips
consists of either 〈111〉 or 〈100〉 facets [9.239]. Due
to this anisotropic crystal structure, the distribution of
surfactant molecules (the CTAB bilayer coverage) on
the surface of GNRs will also be anisotropic, and the
bilayer will be thicker on the side faces due to the
higher affinity of CTAB towards 〈110〉 facets. A lattice-
resolved image of a GNR showing the specific planes is
given in Fig. 9.21b.

Anisotropy in the crystal structure and in surface
reactivity can be used as tools for selective function-
alization of GNRs to bring about specific interactions
between GNRs leading to different types of assem-
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Blue-shift in UV/Vis spectrum

Red-shift in UV/Vis spectrum

{111}{110}

{220}

{111}

a)

c)

b)

Fig. 9.21 (a) Schematic of a single GNR. (b) High-
resolution TEM (HRTEM) image showing the different
crystal planes and lattice structure. (c) Schematic showing
the different ways of arranging the NRs

bled structures. Because the tips of GNRs are less
populated with CTAB they are more susceptible to
functionalization strategies and can thus can trigger
end-to-end interactions to form linear chains where
GNRs are connected in an end-to-end fashion. The
shape anisotropy of GNRs opens up another type of
linear assembly where the sides of the NRs inter-
act with each other (termed as side-to-side assembly).
The free energy of bilayer stabilization between CTAB
molecules is 6 kJ/mol per two methylene groups and
hence the removal of CTAB from the side faces is
rather difficult [9.293]. Hence, to bring about the func-
tionalization of this face, rigorous procedures must
be followed. The possible interactions and different
kinds of resultant assemblies are pictorially depicted
in Fig. 9.21c. Theoretical studies have established that
side-by-side assembly leads to a blue-shift in the
UV/Vis spectrum, whereas end-to-end assembly im-
parts a red-shift [9.294]. The extent of the shift in the
spectra depends on the extent of assembly. For example,
in a 2-D or 3-D assembly where multiple interactions
are present, the resultant shift can be a combination of
all of these interactions.

Spontaneous assembly without any external aid
is often called self-assembly. GNRs are known to
self-assemble under optimum conditions such as con-
centration, pH, ionic strength, etc. Controlling the
interactions between the constituents can lead to mod-
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ification of self-assembly. Generally, environmental
conditions such as pH and ionic strength are mod-
ulated for this purpose. Then the process will be
termed programmed self-assembly. The assembly pro-
cess can be controlled by chemical modifications or
functionalizations as well. Surface functionalization of
GNRs with specific molecular groups can result in pre-
cisely programmed self-assembled structures. Due to its
simplicity, versatility, and low cost, programmed self-
assembly with functionalized NRs is used extensively
for nanofabrication purposes. One of the disadvantages
of this strategy is that it normally produces ordered
structures with small area and does not allow control
over the design or interparticle distance in the NR ar-
chitecture. Also, once triggered, further manipulation
of the assembly is rather difficult. However, a better
understanding of the system and the advent of new tech-
niques are helping us to overcome these limitations.
Programmed assembly can be brought about using
a wide variety of operating forces, by changing the func-
tionalizing molecules. The operating forces involved in
the assembly can be covalent, hydrogen bonding, elec-
trostatic, biochemical interaction, van der Waals, dipole
interactions, etc.

The following section illustrates a brief review
about the different kinds of assemblies and the operat-
ing forces leading to the assembly, taking GNRs as the
example.

Self-Assembly of Gold Nanorods
upon Solvent Evaporation

GNR suspensions are stabilized due to the electro-
static repulsion between the head groups of CTAB (the
stabilizing bilayer) on adjacent rods avoiding aggre-
gation. Removing excess surfactant by centrifugation
and at optimum concentration, pH and ionic strength,
the hydrophobic–hydrophobic interaction between the
CTAB tails can compensate the electrostatic repulsion
facilitating the assembly of NRs where the distance
between the NRs depends on the compensation of
the above-mentioned interactions. Therefore, NRs form
assembled structures with an optimum separation be-
tween NRs upon solvent evaporation, with all forces
being compensated. In 2000 Nikoobakht et al. made
one of the first attempts to study the self-assembly
of GNRs [9.295]. GNRs prepared by electrochemical
methods (AR ≈ 4.6) were centrifuged at 14 000 rpm and
were resuspended in water. The sample was diluted to
an optical density of 1.5–1.7. A 1 : 1 solution of the
above suspension and 0.1 M NaCl solution was made
and was dropcasted onto a TEM grid as shown in the
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2 1

3

NR
solution

Deposited
nanoparticles

Distance
from
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Thickness of assembly

5 mm

Nanorod
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Fig. 9.22 Electron micrograph showing border of the self-
assemblies. The thickness increases from top to bottom.
The insets show magnified parts of the assembly. Inset top
left: scheme of the deposition method (after [9.295])

inset of Fig. 9.22. Long-range (over micrometer areas)
1-D, 2-D, and 3-D assemblies of GNRs were formed on
the grid upon solvent evaporation. Here the electrolyte
(NaCl) was used to form the assembly. Later it was
found that even without the use of electrolyte, removal
of excess CTAB can result in self-assembly at appro-
priate NR concentrations [9.293]. It is also reported
that liquid-crystalline assemblies of large-aspect-ratio
GNRs will form when the as-prepared rods are cen-
trifuged to remove associated spherical particles and
are redispersed in an optimum concentration of CTAB
(1–100 mM). The assembly was studied in detail us-
ing UV/Vis and small-angle x-ray scattering (SAXS)
measurements.

Assembly Involving Biological Interaction
and Bio-Recognition

Functional entities in biology are almost entirely assem-
bled structures and the operating forces involved are
very specific. GNRs have been assembled using such
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Fig. 9.23a–d TEM images of bundles of DNA-linked
GNRs. The three-strand (a) and two-strand (b) DNA
linking systems. UV/Vis spectra of (c) a suspension of
non-complementary DNA functionalized NRs and (d) the
two-strand NR system before (solid line) and after (dash-
dotted line) duplexation at 25 ◦C. The dashed curve
represents the spectrum after melting the DNA above 60 ◦C
(after [9.296])

interactions as well. The first effort in this direction was
made by Dujardin et al. [9.296]. In this work, NRs were
functionalized with thiolated DNAs. Assembled struc-
tures were formed upon addition of duplex DNA into
the above mixture. Figure 9.23a,b shows TEM images
of the assembled structures and the associated UV/Vis
spectral changes during the assembly (Fig. 9.23c,d).

End-to-end assembly of GNRs, surface-functional-
ized with mercaptoalkyloligonucleotide, was brought
about by the addition of a target oligonucleotide [9.297].
Here, the thiol groups in the mercaptoalkyloligonu-
cleotide binds to the ends of the NRs, which further
assemble in end-to-end fashion through hybridization
with the target oligonucleotide. Chang et al. utilized
the specific binding of an antibody to an antigen to
form an oriented assembly of GNRs in solution through
a biomolecular recognition system [9.298]. In this work,
thioctic acid (TA), used as a binding agent, was made to
specifically self-assemble onto GNR tips. The conjuga-
tion of TA with various immunoglobulins (Ig) or other
biomolecules resulted in the GNR to assemble. Wang
et al. utilized a similar strategy to detect proteins such
as IgG [9.299]. Compared to the spherical counterparts
(detection limit 0.1 μg/ml), an enhanced detection limit
of 60 ng/ml was shown by the NR assembly.

The biotin–streptavidin interaction is one of the
most specific and strongest noncovalent interactions
known in biology. Utilizing this interaction, a prefer-
ential end-to-end assembly of GNRs was fabricated.
First, GNRs were surface-functionalized with biotin
disulfide and the subsequent addition of the strepta-
vidin linker gave GNRs assembled preferentially in
end-to-end fashion [9.300]. A simple and versatile ap-
proach for end-to-end assembly of GNRs was reported
by Huang et al. This strategy involved the specific
molecular recognition between thymine-rich (T-rich)
oligonucleotides and mercury(II). The high specificity
of the oligonucleotide improved the selectivity of the
process [9.301].

Assembly Involving Covalent Bonding
Longitudinal assemblies of GNRs were fabricated by
the interaction of GNRs and α,ω-alkanedithiols of vary-
ing chain lengths, and the mechanism, structure, as well
as changes in properties were investigated using absorp-
tion spectroscopy and TEM by Thomas et al. [9.302].
A decrease in the longitudinal plasmon absorption was
observed upon addition of dithiols. The simultaneous
appearance of a new red-shifted band above a critical
dithiol concentration resulting from the interplasmon
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Fig. 9.24 (a) Schematic of the general mechanism of GNR nanochain formation due to electrostatic interaction of cys-
teine and glutathione. (b) Transmission electron micrograph of nanochains. (c) 1,3-Propanedithiol (C3-DT) (0.83 μM) to
Au NR of AR 2.2 at a time interval of 5 s (after [9.302])
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Fig. 9.25a–l TEM images taken in the (a) low
MAG and (b) MAG I modes of the same
area, showing self-assembly of NRs, induced
by DMSA. Different self-assembled struc-
tures obtained at different concentrations of
DMSA; (c) a parallel assembly of NRs leading
to a tape-like structure, (d) high-magnification
image of perpendicularly oriented assembly
showing the hexagonal nature of the rods,
(e) circular structures and bent tapes, and
(f) magnified portion of the same assembly
showing the staggered configuration of NRs
in the same plane. The NRs in the top layer
(circled) are located in the grooves of the
bottom layer. (g,h) High magnification im-
ages showing the spacing between the NR in
a monolayer. TEM images of 3-D superstruc-
tures formed by (i) perpendicular orientation
and (j) parallel orientation with respect to sub-
strate. (k) Schematic showing the mechanism
of the self-assembly. (l) Cartoon representa-
tion of various superstructures formed from
Au NRs in the presence of different concentra-
tions of DMSA. From the authors’ laboratory
(after [9.303])
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coupling in the assembled NRs was also observed. The
presence of clear isosbestic points in the time-dependent
absorption spectrum, and TEM investigations proved
the formation of dimers, indicating the existence of
a dimerization step in the chain-up process. It was
also understood that the process is not diffusion con-
trolled but activation controlled with large activation
energy [9.302].

Assembly Through Hydrogen Bonding
The cooperative intermolecular hydrogen bond formed
between two thioacids anchored onto the end faces
of GNRs was utilized to precisely control the lon-
gitudinal assembly and modulate the plasmon cou-
pling. Adjusting the concentration of thioacids added
into the mixture resulted in the modulation of plas-
mon band positions. An increase in concentration of
thioacids produced a plasmon shift to a higher wave-
length. Precise tuning of the optoelectronic properties
is possible through this method [9.304]. Recently,
hydrogen-bonding-directed assembly of GNRs in aque-
ous solution was investigated by Ni et al. [9.305].
Theoretical as well as experimental investigations of
the mechanism behind the formation of end-to-end as-
semblies of GNRs modified with bifunctional linking
molecule were made in this study.

Assembly Through Electrostatic Forces
Electrostatic interactions are one of the most com-
mon forces encountered in the living world and in
assemblies. Electrostatic forces between amino acids
anchored onto GNR surfaces were utilized to assem-
ble NRs [9.306]. Two thiol containing amino acids,
namely cysteine and glutathione were added to the GNR
solution. Due to the thiol-gold affinity, they became an-
chored onto the GNR end faces and the electrostatic
interaction between adjacent amino acids on separate
GNRs resulted in the preferential longitudinal assem-
bly (Fig. 9.24). This was manifested by a red-shift of
the LSP. This change in the plasmonic characteris-
tics was used for specific detection of cysteine and
glutathione at micromolar concentrations. Gold bipyra-
mids and rods were assembled into different types of
nanonecklaces using a similar methodology by Zhang
et al. [9.307].

The time-dependent shift in LSP at a specific con-
centration of assembly-inducing agents was always
constant and it was not precisely controllable in any of
the above methods. Kawamura et al. reported a more
controllable fabrication method for GNRs assembly, in
which the shift of the LSP can be stopped at a desired

point to obtain a stable suspension with a desired ab-
sorption range [9.308]. A gradual red-shift of the LSP
was observed upon addition of sodium citrate to GNRs,
which can be stopped at any point simply by the addi-
tion of CTAB to the reaction mixture. The preferential
adsorption of citrate anions onto the end faces of the
GNRs, which results the neutralizations of the surface
charge of the GNR ends, triggers the end-to-end assem-
bly of the GNRs. High AR GNRs (AR of 16) assembled
in an end-to-end fashion upon decreasing the CTAB
concentration and the assembled GNRs became welded
at their connecting points upon a further decrease of
the CTAB concentration [9.308]. A pH-dependent self-
assembly of GNRs into ordered structures using adipic
acid was reported by Orendorff et al. [9.309]. Here, the
electrostatic interactions between the cationic surfac-
tant bilayer around the NRs and the negatively charged
deprotonated adipic acid result in pH-dependent self-
assembly of the NRs into 2-D ordered structures.
A similar but more refined strategy to assemble GNRs
into 1-D, 2-D, and 3-D superstructures was reported by
the authors of this chapter (Fig. 9.25). The addition of
dimercaptosuccinic acid (DMSA) to the NR solution-
induced self-assembly of the latter into 1-D tape-like,
2-D sheet-like, and 3-D SL-like structures depending on
the DMSA concentration. A smectic structure where the
NR long axes are parallel to each other was found to
be followed throughout the assembly process. Different
parameters that determine the quality of the assembly
including DMSA concentration, pH, and monodisper-
sity of the sample were studied. Immediately after the
addition of DMSA to the NR solution, UV/Vis spectral
changes were observed. The peak position was found to
be stable (after the initial shift) even after 24 h of incu-
bation. A gradual shift was observed for the LSP, while
the TSP remained unchanged. An increase in concentra-
tion of DMSA resulted in an increased red-shift. There
was a marginal increase in width of the LSP as well. At
lower concentrations, a longitudinal assembly formed
was transformed into a lateral assembly upon increase
of the DMSA concentration. As the concentration was
increased, the assembly changed from 1-D tape-like to
2-D sheet-like, and finally to 3-D SL-like structures.
Perpendicular arrangement of NRs (NR long axis per-
pendicular to the TEM grid) was also seen at places.
At lower pH (below the pKa of DMSA) where DMSA
molecules are not ionized no assembly was produced.
Detailed investigation indicated that charge neutraliza-
tion of the NRs by the carboxylic group of DMSA was
found to be the principal reason for such an assembly,
while the mercapto groups render additional stability to
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Fig. 9.26a–f UV/Vis spectral changes of the assembly (a) and disassembly (b) processes. TEM images of assembly and
disassembly by EDTA–Pb2+ interaction (c–f). From the authors’ laboratory (after [9.303])

the superstructure. A mechanistic model of the assem-
bly has also been proposed [9.310].

Electrostatic assemblies are difficult to manipu-
late once they have been formed. However, recently
a strategy for the reversible assembly and disassem-
bly of GNRs was also devised [9.303] A labile ligand
ethylenediaminetetraacetic acid (EDTA) was used. The
disassembly followed a peculiar pattern by forming
bundled chains and then single chains before forming
discrete NRs. It was also observed that the assembled
structures are highly SERS in nature and through use
of the disassembly method SERS activity can be tuned.
Figure 9.26 illustrates the UV/Vis spectral changes of
the assembly (Fig. 9.26a) and disassembly (Fig. 9.26b)
process. The TEM images of the disassembly also can
be seen (Fig. 9.26c–f) [9.303].

Gold Nanorod Assembly Involving
van der Waals and Dipole Interaction

Changing the hydrophilic nature of the GNR surface
(due to the presence by of CTAB) to hydrophobic by
treating with mercaptopropyltrimethoxysilane (MPS)
and subsequently octadecyltrimethoxysilane (ODS) can

induce formation of assembled structures. Well-ordered
2-D or 3-D superstructures of hydrophobic NRs on
a substrate by solvent evaporation technique was re-
ported by Mitamura et al. [9.311]. The concentration of
the NRs controlled the 2-D assemblies and at lower con-
centration, the NRs assembled parallel to the substrate.
Upon increasing the concentration, NRs started to stand
on the substrate to form perpendicular assemblies form-
ing hexagonal arrays. 3-D assemblies with a hexagonal
close-packed structure due to their side-by-side inter-
action leading to lamellar structure (over small range)
were observed when the NR sample was converted into
a solid state.

Nakashima et al. devised a strategy to prepare
surface-directed, lateral or perpendicular GNR assem-
blies [9.312]. This was achieved by anchoring a home-
made peptide, 1,2-dipalmitoyl-sn-glycero-3-phospho-
thioethanol (DPPTE) onto the GNR surface. The drying
method and the hydrophilic or hydrophobic nature of the
Si surface influenced the form of self-assembled super-
structures (Fig. 9.27). Driven by intermolecular interac-
tions of surface-anchored lipids, the GNR–DPPTE hy-
brid formed characteristic 1-D and 2-D self-assemblies
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Fig. 9.27a,b TEM images of assemblies of hydrophobic GNRs ar-
ranged (a) parallel and (b) perpendicular to the substrate. Insets are
the corresponding high magnification images (after [9.311])
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Fig. 9.28 (a) UV/Vis spectral changes and TEM images of GNRs
(average AR 2.94) assembled on MWNTs (average diameter 30 nm)
at different magnifications (b,c)

upon controlled drying process. Solvent evaporation
from the sample drop in combination with interfacial
hydrophilicity or hydrophobicity induced a variety of
self-assembled structures. Walker and Gupta reported
a reversible, pH-dependent strategy to form end-to-
end assembly of GNRs functionalized with disulfide-
modified poly(l-glutamic acid) [9.313].

Changes in pH of the medium-induced correspond-
ing changes in the secondary conformation.

Recently, GNRs were assembled, disassembled, and
reassembled by Chan et al. who used a bis(terpyridine)–
metal connectivity [9.314]. A special molecular moiety

(disulfide-modified terpyridine)2–M(II) (M = Fe or Cd)
was used as interconnectors to form end-to-end linear
and branched assembly of GNRs into multicomponent
structures. Basic conditions destabilized the prepared
(terpyridine)2–M(II) complexes and the addition of
NaOH resulted in disassembly. When Cd was used to
induce the assembly, the complexes formed were labile
and the resultant assembly was also found to be labile.
At low concentrations of Cd, assemblies were formed
and in the presence of excess Cd(II) ions, they disas-
sembled. Upon addition of Fe(II) to this disassembled
system, they again reassembled into end-to-end chains.
This also could also again be disassembled by a mere
change in the pH as mentioned above [9.314].

Assembly on Templates
Assembly of NPs on templates is a widely utilized
strategy. Correa-Duarte et al. was the first group to
form GNR superstructures via this approach [9.315].
Multi-walled carbon nanotubes (MWNT) were used
as the templates in this work. First the CTAB cover-
ing on the GNRs was interchanged with PVP. Then,
MWNTs were coated with a polyelectrolyte, mainly
polystyrene sulfonate (PSS), followed by poly(diallyl-
dimethyl)ammonium chloride (PDDA). This wrapping
resulted in the production of adsorption sites on the car-
bon nanotubes (CNTs) where GNRs could be deposited
electrostatically. A preferential end-to-end assembly of
GNRs, forming a string-like alignment (Fig. 9.28) re-
sulted through this method. A broadened absorption
feature exhibited by the superstructures indicated the
formation of end-to-end assembly and the resultant
plasmon coupling between neighboring NRs. It was
also noted that these NRs can serve as a label to moni-
tor the alignment of CNTs within polymer films [9.315,
316]. Using drying droplets as the templates, rings of
NRs were fabricated by Zubarev and Khanal [9.317].
A simple and quantitative model for the formation of
GNR rings was also described. Here, condensed water
droplets from humid air on the surface of nonpolar sol-
vents acted as templates for the spontaneous assembly
of hybrid gold–polymer core–shell NRs.

Pradeep et al. reported the use of microgels as
a template for a solution-phase method for assembling
NRs into a hexagonal pattern [9.318]. First, poly(N-
isopropyl acrylamide) (PNIPAm) microgels coated with
GNRs were synthesized. For this purpose, microgels
loaded with CTAB-coated GNPs of 4–5 nm size (used
as seed particles) were added to the growth solution
used for the seed-mediated growth method for GNRs.
This helped in achieving the required population of
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Fig. 9.29a,b TEM images of the GNR-PNIPAm compos-
ite. (a) Large-area image of the hexagonal pattern with
defect sites marked with dashed circles. (b) Higher mag-
nification image of a single cell of the hexagonal pattern
confirming that the anisotropic structures sitting on the
microgels are GNRs. From the authors’ laboratory (af-
ter [9.318])

NRs on the microgels (Fig. 9.29a,b). These NR-loaded
microgels were allowed to self-assemble to obtain
a hexagonal pattern (Fig. 9.29c,d). Similar experiments
performed with NP-coated or prefabricated NR-coated
microgels did not give such hexagonal patterns because
of the reduced number density of NPs. The interpen-
etration and interlocking of the NR structures were
thought to be the reason for the formation of these
patterns [9.318]. Fava et al. made use of the affinity
of NRs for PNIPAm-based microgels for their seques-
tering by cationic, anionic, and close-to-neutral-state
microgels [9.319]. Cationic, anionic, or near neutral
microgels were fabricated by adjusting the pH of the so-
lution. Sequestration of GNRs occurred independently
of the charge of the microgels when added to the above
solutions. This indicates that electrostatic interactions
alone do not govern the loading of microgels with NRs.
Electrostatic interactions and subsequent coating of sil-
ica with controllable thickness was used to assemble
GNRs by Wang et al. [9.320].

Assembly on Substrates
Assembly of nanostructures on suitable substrates has
the extra edge that it can be directly used for ap-
plications. Mieszawska et al. reported a methodology
for directly growing highly aligned GNRs on a NH2-
functionalized Si(100) substrate with a remarkable
degree of parallel alignment over large areas [9.321].
When a similar reaction was carried out on amorphous
glass no assembled structure was observed, which
pointed towards the importance of having a crystalline
structure. However, throughout the sample, the align-
ment direction varied and no direct correlation between

the arrangement of Si atoms and GNR assembly was
seen. Hence it was concluded that the crystallinity of
the substrate will not affect the direction of assem-
bly. The exact mechanism of the assembly is still not
well understood. Control experiments with mercapto-
propyltrimethoxysilane (MPTMS) – and (aminopropyl)
triethoxysilane (APTES) functionalized, or bare Si(100)
did not produce any assembled structures, which indi-
cates the importance of surface chemistry. However, the
exact role of the amidation reaction in the alignment is
not yet clear. Mieszawska et al. observed alignment on
acetic and succinic acid surfaces implying the minimal
role played by surface hydrophobicity [9.321]. End-to-
end alignment of phosphatidylcholine-passivated GNRs
adsorbed on polyanion-modified glass substrates were
demonstrated by Yamada et al. [9.322]. Zhang and Imae
successfully used a patterned silicon substrate with hy-
drophobic stripes for growing gold NR SLs [9.323].
Perpendicular SLs were also fabricated by this method.
The most important factor governing the assembly was
the substrate surface. GNRs should be either posi-
tively attracted or at least not repelled by hydrophobic
surfaces in order to obtain a well-defined assembly.
GNRs stayed in solution when the silicon substrate
was hydrophilic. Another important criterion was the
monodispersity of the sample devoid of particles with-
out shape difference. Zareie et al. reported a protocol
to directly grow end-to-end assembled long chains on
a substrate embedded with a mixed self-assembled
monolayer (SAM) that had been functionalized with
streptavidin [9.324]. Assemblies extending over a mi-
crometer in length with 5 nm inter-rod separation were
obtained by this process.

Assembling by Polymer Tethering
A novel strategy where self-organization of GNRs into
a predefined pattern by attaching multiple polymer
arms termed pom-poms was reported by Kumacheva
et al. [9.319, 325, 326]. NRs that are end-terminated
with polystyrene (PS) when dispersed in dimethylfor-
mamide (DMF)/water mixtures tend to self-assemble
into higher-order structures. The length and distribution
of the PS molecules between the ends and the longitu-
dinal facets of the NRs controls the ordering. Changing
the structure of the polymer pom-poms also can modu-
late the assembly. Depending upon the variation in the
molecular weight of the polymers and their relative lo-
cation on the long side of the NRs, various kinds of
NR assemblies namely bundles, bundled chains, and
chains involving side-by-side and end-to-end assem-
bly were generated. By changing the concentration of
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water in the system, one form of assembly can be
changed to another one. It was also understood that
the evolution of the self-assembled structures of GNRs
end-terminated with PS occurs through competition
between side-to-side and end-to-end assemblies. This
competition is due to the difference in solubilities of
the PS and CTAB-coated metal blocks in the solvent
mixture. The tendency to side-to-side aggregation was
found to be dominant over most of the compositional
range. The above tendency was reduced at high DMF
or water content and at very low THF/DMF weight ra-
tios [9.319, 325, 326].

Layer-by-Layer Assembly of Gold Nanorods
into Gold Nanorod Films

Yun et al. recently developed a protocol for assem-
bling GNRs into 2-D arrays at a water/hexane interface
without the aid of any linker molecule [9.327]. In this
method, aggregates of GNRs with a relatively clean
surface and controlled NR density were obtained and
the film thickness can also be controlled systematically.
Because GNRs are hydrophilic, they have a contact an-
gle of < 90◦ at a water/hexane interface and they will
always remain in the aqueous phase. However, when
their contact angle is approximately equal to 90◦, these
particles start to adsorb to the water/hexane interface.
A medium with high dielectric constant can separate
the charged particles from each other. However, the in-
troduction of a miscible solvent with lower dielectric
constant will result in a decrease in the dielectric con-
stant of the medium. Consequently, the surface charge
of the particles will also be decreased as a function of
the amount of miscible solvent added. When ethanol
(with a lower dielectric constant) is added to the wa-
ter/hexane interface, the surface charge density of the
NRs decreases and the NRs are brought to the inter-
face. The reduction in the interfacial energy at the water/
oil interface upon the reduction of the dielectric con-
stant of water is the driving force for this entrapment
of the NRs. The thickness-dependent SERS activity of
the resultant films (when molecules adsorbed on these
NR films) has been investigated, and it was found that
NR films have an order of magnitude stronger SERS en-
hancement compared to nanosphere films under similar
experimental conditions [9.327].

Gold Nanorod Assembly
by Surface Anchored Crown Ethers

Surface anchored crown ethers (end-functionalized)
on GNRs were used to induce assembly of GNRs
where the addition of specific metal ions resulted

in the assembly formation. The approach was re-
ported by Nakashima et al. [9.328]. They synthesized
two thiol-modified crown ethers, 2-((6-mercaptohex-
yl)oxy)methyl-15-crown-5 (15-crown-5-SH) and 2-
((6-mercaptohexyl)oxy)methyl-12-crown-4 (12-crown-
4-SH) and the synthesized crown ethers were added to
purified NR dispersions. Covalent attachment of these
crown ethers onto the end faces of the NRs through
the thiol moieties is possible. In the presence of metal
ions corresponding to the anchored crown ethers, as-
sembly of the GNRs resulted. The concentrations of
crown ethers and cations added controlled the struc-
ture of the GNR aggregates assembled (side-to-side and
end-to-end fashion). UV/Vis spectra demonstrated the
corresponding changes and the intensity of the longi-
tudinal absorption of the NRs gradually decreased, and
the peak was initially red-shifted and then blue-shifted.
Potassium ions (K+) can form a 2 : 1 sandwich complex
between the 15-crown-5 moiety, leading to assembly
formation and resultant coupling of the plasmon ab-
sorbance, in turn leading to changes in the spectral
features. This was used for specific detection of metal
ions.

Gold Nanorod Assembly Induced
by a Magnetic Field

Magnetic field-induced assembly of GNRs is possible
by imparting magnetic characteristics to GNRs. For
this, Pt-doped GNRs (Fig. 9.30a) were homogeneously
coated with metallic Ni through hydrazine reduction
in aqueous solutions. This resulted in a quasi-epitaxial
growth of an Ni shell on the GNRs (Fig. 9.30b) [9.329].
Since Pt has a much higher redox potential, it will
become reduced first compared to nickel. Upon reduc-
tion Pt forms small nuclei which act as a nucleation
agent, on which Ni can be catalytically reduced. When
the Ni-coated GNRs (Au@Ni NR) were allowed to
dry on a TEM grid under the influence of an exter-
nal magnetic field (0.2 T), the NRs became aligned in
a chain-like structure in the direction of the applied
field (Fig. 9.30c). However, the orientation of individ-
ual rods within the chains was not found to be the same
and coexistence of both side-to-side and end-to-end as-
semblies was observed, pointing towards the complex
magnetic response of the system [9.329].

Assembly of Various Anisotropic Nanostructures
of Silver

Compared to gold, anisotropic silver NPs are more di-
verse. The main limitation in the case of Ag anisotropic
particles is the difficulty to synthesize of them in
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400 nm

H

a)

Au
Ni

c)

b)

Fig. 9.30a–c Large area TEM of (a) GNRs after tip-
coating with platinum and (b) nickel coated GNRS in the
absence of magnetic field. Inset shows a high magnification
image of a single Au@Ni NR and STEM-EDAX (STEM:
scanning TEM) analysis of Au@Ni NRs, showing the rel-
ative distribution of the elements (Au = red; Ni = green).
(c) Au@Ni NRs, dried on the TEM grid under an external
magnetic field (0.2 T) (after [9.329])

a monodisperse fashion. The presence of a surfac-
tant that caps the nanostructures formed and avoids
their aggregation is common in all synthetic method-
ologies, and hence surfactant-induced assembly of
these structures upon solvent evaporation is highly
feasible. Jana et al. devised a seed-mediated growth
approach for preparation of silver NRs with varied
ARs [9.330]. The approach was very similar to that
used for making GNRs. A spontaneous self-assembly
process assisted by solvent evaporation was observed
upon shape separation of these NRs, resulting in a 2-D
smectic liquid-crystal-like superstructure (Fig. 9.31a,b).
Recently, a new method to produce monodisperse size-
controlled faceted pentagonal silver NRs by thermal
regrowth of decahedral silver NPs using citrate as the
reducing agent was reported by Pietrobon et al. [9.43].
The resultant structures were highly monodisperse and
showed a great tendency to self-assemble into smectic
mesophases such as densely packed rafts and 3-D ar-
rays when the dispersions dried (Fig. 9.31c–h). It was
also noted that the fivefold symmetry of the constituent
NRs is always overridden by the long-range hexagonal
order within the layers [9.43].

a) b)

c) d)

100 nm

e) f)

g) h)

Fig. 9.31a–h TEM image of shape-separated (a) silver
NRs self-assembled on TEM grids and (b) silver NWs.
(c–f) SEM images of self-assembled packing of monodis-
perse faceted pentagonal rod AgNRs with different aspect
ratio forming 3-D superlattices. (g,h) show the top view
of the assembly ((a,b) after Jana et al. [9.330] and (c–f)
after [9.43])

The Langmuir–Blodgett (LB) technique is one of
the most widely used methods to assemble a large
area monolayer of nanosystems. Nanowires (NWs) with
≈ 50 nm diameter and 2–3 μm length were assembled
into a large area of about 20 cm2 by Tao et al. us-
ing this approach (Fig. 9.32) [9.331]. First, the PVP
capping of the as-prepared NWs was replaced with 1-
hexadecanethiol ligands to make them hydrophobic.

These NWs were then redispersed in chloroform,
followed by transferal onto a water surface of the LB
trough and were then assembled by the LB method.
Large area, side-by-side aligned NWs resembling the
nematic 2-D ordering of a liquid crystal were obtained.
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1 µm 1 µm

1 µm 1 µm

a) b)

c) d)

e) f)

Fig. 9.32 (a,b) Photographs of LB NW assembly process
at different compression stages. (c–f) SEM images (at
different magnifications) of the silver NW monolayer de-
posited on a silicon wafer (after [9.333])

An alternating extinction pattern was exhibited by these
aligned NW areas when the sample was rotated ev-
ery 45◦ [9.331]. The same group, following a similar
methodology, was able to create novel SL architectures
composed of different polyhedral building blocks, in-
cluding truncated cubes, cuboctahedra, and octahedra of
Ag nanocrystals [9.332]. In the superstructures formed,
the packing and the dimensions were determined by the
choice of the nanocrystal building block. For example,
truncated cubes formed a square lattice by assem-
bling in a face-to-face manner. However, cuboctahedra
(which are comparatively more truncated polyhedral
particles) assembled to make a rhombohedral unit cell,
formed by shearing of the square lattice [9.332].

Bae et al. recently reported the assembly of Ag
nanoprisms (Fig. 9.33a,b) [9.334]. They were able to
assemble the prisms with anisotropic orientation and
studied the orientation-dependent properties of these as-
semblies [9.334]. Rycenga et al. reported an interesting
strategy to assemble Ag nanocubes by selective func-
tionalization of each face [9.332]. They prepared five
distinct SAM-modified Ag nanocubes from the possi-
ble combinations of hydrophobic and hydrophilic faces
and these were assembled into four different nano-

20 nm

A)

A) B)

C) D)

B)

D)

A) A)B)

C) B)D)

E) C)F)

C) F)ODT/EtOH

E) MHA/EtOH

MHA/EtOH

PDMS-ODT

Air
water

a)

c)

d)
e)

f)

20 nm

b)

0 sides 1 side

2 sides 4 sides

4 sides

1 side

6 sides

Fig. 9.33a–f TEM images of assembly A (a) and B (b) (af-
ter Bae et al. [9.332]). (c) A schematic representation of
specific functionalization of Ag nanocube faces. (d) SEM
images of Ag nanocubes and the assemblies depending
upon the functionalization. (e) SEM images of ODT-
functionalized Ag nanocubes sampled at different parts in
a reaction vessel. (f) Schematics depicting the mechanism
of formation of self-assembly at the air–water interfaces
(after [9.332])

structures and one microstructure (Fig. 9.33c–f). The
mechanism of the assembly was explained on the basis
of hydrophobic interaction and solvation-free energy.
Figure 9.33c depicts the methodology adopted for se-
lective functionalization of the Ag cube faces. The
selective functionalization was carried out by protecting
the Ag nanocube, faces which are in direct contact with
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a clean Si substrate, and the free faces were function-
alized sequentially with solutions of alkanethiols, and
polydimethylsiloxane (PDMS) inked with alkanethiols.
Nanocubes that were not functionalized did not show
any tendency to assemble. Single face functionaliza-
tion of the nanocube with hydrophobic octadecanethiol
(ODT), resulted in the formation of dimers, joined at
the hydrophobic faces in order to try and move this face
away from water. Nanocubes with two opposing faces
functionalized with ODT formed linear chains.

When four faces of the nanocubes were func-
tionalized with ODT, a sheet-like superstructure was
obtained. Upon mixing Ag nanocubes with four hy-
drophobic faces and one hydrophobic face (1 : 4 ratio),
star-shaped structures were obtained. When all six
faces were functionalized, they formed 3-D SLs. Fig-
ure 9.33f schematically illustrates the self-assembly
process of Ag nanocubes, completely functionalized
with a hydrophobic SAM, at the air–water inter-
face [9.332].

9.6 Functionalized Metal NPs

The adding of more functional capabilities and prepar-
ing functionalized nanomaterials has received consider-
able attention in the recent past. The main strategies for
functionalization are ligand exchange reaction, using
modified thiol as the capping agent in the Brust method
or adding more components to the system such as mak-
ing core–shell structures. In this section, various meth-
ods employed for the functionalization of monolayer-
protected NPs and various approaches for the synthesis
of functional core–shell particles are discussed. The
presence of thiol end groups on the ligand have been uti-
lized to anchor various photoactive molecules such as
derivatives of porphyrenes [9.336], fullerenes [9.337],
pyrenes [9.338], stilbenes [9.339], fluorenes [9.340], re-
sorcinarenes [9.341], azobenzenes [9.342], etc., on the
surface of GNPs.

GNPs having a double shell structure with the inner
shell made of spiropyran have been used to control the
photo-controlled binding and release of the outer shell
of amino acids [9.343]. In the absence of light, spiropy-
ran moieties exist as closed-rings (a nonpolar colorless
form). Upon irradiation of light, spiropyran changes to
the highly polar, colored merocyanine form. This mero-
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Fig. 9.34 Reversible binding of
amino acids with spiropyran-capped
GNPs (MC: metal cluster) (af-
ter [9.335])

cyanine (the open ring form) can complex with amino
acids to form the second layer (Fig. 9.34). Thus, this
system can be used for the light-mediated binding and
release of amino acid derivatives.

In specific cases, the attachment of a fluorescent
moiety onto the surface of NPs was found to al-
ter the fluorescence intensity. For example, attachment
of pyrenemethylamine on GNPs found to increase in
the fluorescence of pyrene [9.343]. Generally, metals
quench the fluorescence and the observed trend was
different. This difference was explained as follows.
The binding of nitrogen onto gold suppresses the elec-
tron transfer between the nitrogen and the pyrene ring
(Fig. 9.35), which results in enhanced fluorescence.

9.6.1 Core–Shell Nanoparticles

Particles with a well-defined core and a shell (both
in the nanometer regime) are called core–shell NPs.
They have found applicability in diverse fields such as
pharmaceuticals, chemical engineering, biology, optics,
drug delivery, and many other related areas in addi-
tion to chemistry. Recent years have seen large efforts
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Fig. 9.35 Gold NP-assisted enhancement of fluorescence
in pyrenemethylamine. Due to the attachment of nitrogen
onto the NPs, conjugation between the lone pair on nitro-
gen and the pyrene ring is blocked. This is indicated by an
arrow with a cross mark (after [9.343])

to develop core–shell colloidal NPs with tailored struc-
tural, optical, surface, and other properties [9.344,345].
The formation of a protecting shell to the core imparts
several functional attributes to these hybrid structures.
They are:

1. Solubility and stability
2. Monodispersity in size
3. Ease of self-assembly
4. Core and shell processability
5. Applications in catalytic, magnetic, chemical, and

biological fields, as well as in nanoscale electronics
and optics.

A brief description of the diversity of core–shell
systems involving noble metals is presented below.

Metal-Metal Oxide Core–Shell NPs
The scientific community has shown tremendous inter-
est in this category of NPs, and these are among the
most widely studied core–shell nanosystems. As dis-
cussed in an earlier section, the intense color exhibited
by metallic NPs can be varied by controlling the size
of these NPs. However, the chance of aggregation is
a major problem associated with their handling. Mak-
ing core–shell structures is one of most efficient ways to
overcome this difficulty. Various strategies such as coat-
ing with silica [9.346], titania [9.347], zirconia [9.348],
and maghemite [9.349] have been reported in this di-
rection. A procedure to prepare silica-coated nanosized
metal NPs was reported by Liz-Marzán et al.. This pro-
cedure is applicable for various metals such as Au, Ag,
and CdS [9.350]. The approach involves the use of
3-aminopropyltrimethoxysilane (APS), the silane cou-
pling agent, which can bind to the NP surface. This also

a) b)

c) d)

Au

Fig. 9.36a–d TEM images of silica-coated GNPs. The
shell thicknesses are (a) 10 nm, (b) 23 nm, (c) 58 nm, and
(d) 83 nm (after [9.344])

acts as an anchor point for chemical deposition of silica
(SiO2−

3 ).
In this method, the shell thickness of the silica

can be controlled (from 10–83 nm) and according to
the thickness, the absorption characteristics are also
tunable [9.344]. TEM images of Au@SiO2 NPs with
different shell thicknesses synthesized using the above
method are shown in Fig. 9.36. Methodologies for the
creation of various other inorganic coatings such as zir-
conia, yttrium basic carbonate, titania, titanium nitride,
and Fe2O3 are available in the literature. Factors such
as the size and shape of the core particles and the rela-
tive ratios of the reactants can control the thickness of
the shell. Liz-Marzán et al. prepared TiO2-coated Ag
NPs by simultaneous reduction of Ag+ and condensa-
tion of titanium butoxide [9.347]. As an extension to
this methodology, ZrO2- and TiO2-coated Au and Ag
NPs were prepared later [9.348].

A single-pot method for the synthesis of Pt–
maghemite (Fe2O3) core–shell NPs where the reduction
of platinum acetylacetonate in octyl ether produces Pt
NPs and subsequent thermal decomposition of iron pen-
tacarbonyl creates layers of iron oxide on the surface
was reported recently [9.349]. The complexation of
a negatively charged titanium(IV) bis(ammonium lac-
tate) dihydroxide with poly(dimethyldiallylammonium
hydroxide) was used for coating Au NPs with titania by
Mayya et al. [9.351].
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a) b) c)
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Fig. 9.37 HRTEM images of
Ag@ZrO2 core–shell NPs function-
alized with a stearate monolayer
(after [9.352])

Reverse micelle and sol–gel techniques are also em-
ployed for synthesis of metal–metal oxide core–shell
NPs. The inorganic coatings around the NPs modify the
optical properties of the systems in addition to stabiliz-
ing them against coalescence. The core–shell geometry
also allows shell functionalization using appropriate
organic monolayers [9.352] for better redispersibility
and ease of handling. High-resolution TEM images of
a stearate-functionalized Ag@ZrO2 core–shell NP are
shown in Fig. 9.37. Although the organic monolayer
build-up around the ZrO2 shell is not clearly seen,
the distinct core–shell geometry is visible from the
image.

A special approach to synthesize Au@SiO2 core–
shell NPs by incorporating a mercaptosilane at the
core–shell interface was devised by Chen and Katz,
who exploited the strong interaction between thiols and
gold [9.353]. They achieved the highest degree of func-
tional group organization at the core–shell interface.
Recently, Wang et al. synthesized Au–SiO2 inverse
opals by colloidal crystal templating.

Bimetallic Core–Shell NPs
Due to the high demand for catalysis, a large num-
ber of bimetallic core–shell NPs has been synthesized
lately. Some important examples are the synthesis of
Au-Pt core–shell alloys by the simultaneous reduc-
tion of chloroauric acid and chloroplatinic acid by
Henglein [9.117], a single-step procedure for the syn-
thesis of Au-Pt core–shell NPS by Yonezawa and
Toshima [9.354], the synthesis of Au core–Pt shell NPs
by simultaneous reduction of PtCl2−

6 in aqueous gold
sol by Schmid et al. [9.355], etc. The synthesis of a va-
riety of bimetallic systems including Ag/Cd, Ag/Pb,
and Ag/In by a γ -irradiation-based approach was re-
ported as early as 1980 by Henglein [9.117]. Synthesis
of Ag-Au core–shell NPs by Mulvaney et al. [9.356]
and Link et al. (NPs of 17–25nm size) are also available
in the literature [9.357]. Kim et al. synthesized Au-Ag
core–shell NPs and studied their optical characteristics

such as linear extinction and resonant hyper-Rayleigh
scattering [9.358].

The optical behavior and stability of Ag core–Co
shell NPs was studied by Sobal et al. They showed
that the core–shell particles exhibit an optical behav-
ior distinct from the individual components, and the
presence of a noble metal also protects the Co shell
against oxidation [9.359]. Cai et al. developed a low-
temperature synthetic protocol for Cu@Au core–shell
NPs [9.360]. The formation of core–shell alloy NPs re-
sulted in a good voltammetric response of Cu, which
was utilized for electrochemical DNA hybridization de-
tection assays. The oxidative peak current of the Cu
colloid is much higher than that of Au of the same size
and quantity. The coating of a layer of Au on the Cu core
helped to protect the Cu from oxidative degradation and
can also provide an active surface for immobilization
of oligonucleotides. The synthesis of dumbbell-shaped
Au-Ag core–shell NRs by seed-mediated growth under
alkaline conditions was reported by Huang and Mati-
jevic [9.361]. This method uses GNRs as seeds in the
presence of Ag and ascorbate ions. Ag ions that are
reduced by ascorbate are deposited on the surface of
the Au NRs to form dumbbell-shaped Au-Ag core–shell
NRs. Recently, the synthesis of Au-Ag core–shell NPs
using tyrosine as a pH-dependent reducing agent was
reported by Sastry et al. [9.362].

Semiconductor Core–Shell NPs
Similarly to metallic NPs, semiconductor nanocrystals
also exhibit interesting size-dependent optical proper-
ties (fluorescence) due to the confinement of electronic
wave functions. However, in order to obtain highly lu-
minescent nanocrystals, their surface must be precisely
controlled. The presence of a large number of surface
defects (e.g., nonstoichiometry, unsaturated bonds, etc.)
can have a large impact on their luminescence. Core–
shell-type semiconductor NPs or quantum dots demon-
strate novel properties that make them attractive for
various applications. The photoluminescence quantum
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yield can be increased by covering the nanocrystal-
lites with higher-band-gap inorganic material, which
passivates the surface nonradiative recombination sites.
Moreover, compared to their organic analogs, NPs
covered with inorganic composite materials are much
sturdier and more stable. Yang et al. reported the off-
resonance optical nonlinearities of Au@CdS core–shell
NPs, embedded in BaTiO3 thin films [9.363]. Due
to their large third-order nonlinearities and ultrafast
nonlinear optical response, semiconductor NPs are at-
tracting a great deal of attention.

Polymer-Coated Core–Shell NPs
Polymer-coated core–shell NPs have found application
possibilities in diverse fields ranging from catalysis to
industry where these NPs are used in making addi-
tives, paints, and pigments, etc. There are mainly two
classes of synthetic methodologies for polymer capping
of NPs, namely: (a) polymerization at the NP surface,
and (b) adsorption of preformed polymer onto the NP
cores. The most common methods used for the prepara-
tion of polymer core–shell structures are:

1. Monomer adsorption onto NPs followed by poly-
merization [9.360, 365–367]

2. Heterocoagulation polymerization [9.364]
3. Emulsion polymerization [9.368, 369].

The colloidal particles themselves or an external ini-
tiator added to the reaction mixture can catalyze the
polymerization. Using a pretreatment method, Huang
and Matijevic [9.361] reported the synthesis of polydi-
vinylbenzene coated silica particles. Following a similar
strategy, polydivinylbenzene–poly(vinylbenzyl chlo-
ride) copolymers, poly(vinylbenzyl chloride), and dou-
ble shells of polydivinylbenzene and poly(vinylbenzyl
chloride) were also synthesized. In specific cases, where
cores consist of dyes, polymer coating of the particles
allowed the dyes to be retained inside the nanocores be-
cause the polymer shells are permeable only to small
inorganic ions and not to big dye molecules. As was
mentioned before, polymerization can also take place in
the presence of catalytically active cores.

Several factors affect the thickness of the polymer
coating: the contact time with the core, the type of
core employed, and the nature of the polymer [9.360].
Feldheim et al. reported an excellent strategy for the
synthesis of polymer-coated NPs [9.364] where the
particles in the pores of a membrane were trapped

Pyrrole Pyrrole +
N-methylpyrrole

a) b)

35 nm 55 nm

Fig. 9.38a,b TEM of polypyrrole-capped Au NPs (a) and
with further increase in shell thickness by polymerization
with poly(N-methylpyrrole) (b) (after [9.364])

and aligned by vacuum filtration. Then, inside the
pore, the monomers were polymerized. Through this
method, polypyrrole coated Au NPs can be prepared;
corresponding TEM images are shown in Fig. 9.38. Fig-
ure 9.38b illustrates the increased shell thickness as
a result of the change in the monomer for the poly-
mer shell. Hence, this methodology allows control of
the thickness and composition of the polymer coating.
Generally for most of these polymerization reactions,
the thickness of the coating depends on the polymer-
ization time. Heterocoagulation of small particles with
larger ones assisted with heating is another widely used
method for preparing polymer coating. Through this
method, polystyrene cores coated with a uniform layer
of polybutylmethacrylate have been prepared.

The third technique, emulsion polymerization, has
been widely employed for the synthesis of polymer-
capped core–shell NPs. The important feature of this
approach is that NPs of different size regime (from sub-
nanometer to micrometer-sized organic and inorganic
particles) can be coated with polymer. Polymerization
of styrene and/or methacrylic acid in emulsions of oleic
acid resulted in the formation of a uniform polymer
layer around the metal core. Compared to uncoated
particles, the polymer-coated particles are highly etch-
resistant and can be easily centrifuged and redispersed.
These NPs can be made in the form of thin films through
the use of self-assembly techniques. The layer-by-layer
(LbL) templating strategy is commonly used for this.
Here, a polymer solution (having an opposite charge to
that on the particles) in excess of that required for sat-
uration adsorption is added to the colloidal dispersion.
The polymer adsorbs onto the NPs through electrostatic
interactions.
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9.7 Applications of Gold and Silver Nanoparticles

The unique properties exhibited by gold and silver
NPs such as SPR, SERS, nonlinear optical proper-
ties, quantized charging effect, etc., have been utilized
for a variety of applications in the areas of bio-
labeling, bioimaging, sensors, catalysis, nanodevices,
nanoelectronics, etc. [9.1, 154, 370, 371]. Although no-
ble metal NPs have a long history as materials for
many therapeutic applications, the advancements in the
area of nanochemistry have broadened their potential
in various biomedical applications. Apart from their
biocompatibility, unique properties, and ease of func-
tionalization with various biological molecules, noble
metal NPs have been used for targeting and deliv-
ery of therapeutic doses of drugs to cancer cells. The
large extinction cross-sections and tunable optical ab-
sorption of NPs such as NRs, NTs, nanocages, etc.,
in the NIR region (a wavelength region where blood
and tissues are relatively transparent to radiation) make
them good candidates for diagnosis and many other
medical applications. The strong SPR of metal NPs en-
ables imaging of individual particle locations with the
use of various optical microscopic techniques such as
dark-field optical and two-photon luminescence (TPL)
microscopy [9.372]. GNRs and nanocages are ideal can-
didates for cancer cell imaging due to their tunable SPR
peaks and scattering in the near infrared. The usefulness
of gold nanocages as optical contrast agents has been
demonstrated by optical coherence tomography (OCT)
imaging [9.144]. They are the perfect raw material for
robust and rapid diagnostic testing for many diseases.
Living cells are highly sensitive to temperature, and in-
creases of a few degrees can lead to cell death. NIR
absorption and related photothermal effect are other
important features of anisotropic GNPs [9.144, 370].
Compared with other nonmetallic photothermal ab-
sorbers, GNPs enable dual imaging/therapy functions.
It has been demonstrated that several anisotropic nano-
materials such as NRs, NTs, nanocages, nanoshells,
nanostars, etc., can be used for photothermal ther-
apy [9.144, 370].

Gold and silver NPs have been found to be useful
for optical limiting applications as well. Optical lim-
iters have found applicability in fields including sensor
and eye protection, optical communications, and opti-
cal information processing. Optical bistable materials
are useful for functions such as logic gating and pat-
tern recognition in optical computers. The applicability
of Au, Ag, and Au-Ag alloy nanosystems for optical
limiting applications was investigated in 2000 [9.373].

Initially, octanethiol and octadecanethiol-protected Au,
Ag, and Au-Ag alloy NPs were synthesized, and opti-
cal nonlinearity was induced by 35 ps pulses at 532 nm.
The samples were investigated using the Z-scan tech-
nique. It was found that they behaved either as saturable
absorbers or reverse saturable absorbers, depending on
the intensity of excitation. It was also found that Au
and Ag NPs show nearly the same efficiency for op-
tical limiting; however, the alloy clusters were found
to be less efficient in limiting and were less photo-
stable. An explanation based on the electron dynamics
of the excited-state species was given for the behavior
observed [9.373].

Gold and silver NPs have attracted considerable
attention due to their high SERS [9.217, 374] activ-
ity, thus possessing strong advantages for the detection
of molecules. They have been found to be useful
for many applications in trace analysis of pesticides,
biomolecules, bacteria, viruses, specific antigens, glu-
cose, DNA, explosive materials, etc. [9.375]. Recently,
it has been found that silica-coated GNPs can enhance
the sensitivity of this method, and even detection of ad-
sorbed hydrogen is possible with such materials [9.376].
Single-molecule detection is possible using SERS, and
several protein and nucleic acid biosensors have been
designed using this property of GNPs [9.375].

The properties of GNPs such as intense SPR and
scattering of visible light have also been used for sens-
ing applications. A variety of schemes based on the
LSPR of GNPs have been developed for sensing or-
ganic vapors [9.377]. A composite material made of
GNPs with pH-sensitive polymers has been used in
a variety of pH-sensing schemes. GNP-based technolo-
gies are showing great promise in providing solutions
to a number of environmentally important issues. They
are highly promising for sensing and removal of heavy
metal ions from water [9.378]. GNP-based colorimet-
ric sensors have been widely used in this direction,
overcoming some of the limitations of conventional
methods because these assays do not use organic sol-
vents, light-sensitive dye molecules, or sophisticated
instrumentation. GNRs are capable of quick and se-
lective sensing of mercury in tap water samples at the
ppt level [9.379]. The selectivity and sensitivity towards
mercury are due to the amalgamation of mercury and
gold. Complete removal of mercury from water can be
done by using GNPs supported on alumina [9.380].

Catalysis by active oxide-supported gold, silver,
platinum, and palladium NPs is an ever-expanding area,
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and a large number of new catalytic systems for various
reactions have been widely exploited for many appli-
cations. GNPs can oxidize highly toxic CO to far less
toxic carbon dioxide [9.222, 380]. More recent investi-
gations have shown that GNPs adsorbed and dispersed
on an oxide support can be used as an efficient cata-
lyst for hydrogenation of unsaturated substrates [9.1].
Thus, shape and crystal structure differences can lead to
different catalytic rates [9.381]. In homogeneous catal-
ysis, Narayanan and El-Sayed demonstrated that shapes
with more corners and edge atoms have higher reac-
tivity than similar NPs with fewer corner and edge
atoms [9.382]. Catalytically active bimetallic gold–
palladium NPs proved to degrade organic pesticides
effectively [9.383]. GNPs are also used in solar cells to
improve the efficiency, as the GNPs enhance the optical
absorption in the range of visible light [9.1]. It has been
recognized that NIR absorbing films made from GNPs
can be used as an alternative to reflective coatings for
blocking infrared (IR) radiation. NP-based approaches
are highly desirable, being more economically viable
than other methods. Certain nanomaterials have been
used for the development of IR filters. Using a proto-
typical device, Pradeep and Sajanlal have demonstrated
that the NIR-IR absorption exhibited by gold MFs can
absorb a significant amount of heat, thereby reducing
the temperature rise in an enclosure exposed to day-
light [9.160]. A few of these application possibilities are
described in detail in the following section.

9.7.1 Water Purification

Among all these application possibilities, water pu-
rification remains one of the most important fields of
application for any material. Noble metal NPs have also
found tremendous possibilities in this arena as well.
A specific review on this topic was discussed by the
author in recent work, where a description about the
important events during last 200 years in the area of
drinking water purification was presented [9.23]. This
section gives an overview about the use of noble metal
NPs for the removal and detection of severely toxic con-
taminants including pesticides, halogenated organics,
heavy metals, and microorganisms found in drinking
water.

Degradation and/or Removal of Pesticides
with Noble Metal NPs

The chemistry of noble metals (even in bulk form) for
catalytic synthesis of organic compounds is well doc-
umented. However, their reactivity with halogenated

hydrocarbons was not explored until recently. The first
example for a metal (here, a transition metal) interact-
ing with halogenated organics was initiated following
the discovery that zero-valent iron catalyzed degrada-
tion of halogenated aliphatics [9.384]. Similarly, there
were attempts to study the degradation of halocar-
bons [9.385] by using other reactive metals such as
magnesium, tin, and zinc. However, until 1998, noble
metals were never thought to be attacked by halocar-
bons. Noble metals had very low reactivity. However,
later investigations revealed that in colloidal state no-
ble metals are reactive. It was postulated in early 1998,
based on absorption studies of silver colloid with oxy-
gen and carbon tetrachloride, that carbon tetrachloride
induces oxidation of silver colloid in a manner sim-
ilar to oxygen [9.386]. Another study concluded that
the degradation of noble metal clusters can be done by
chlorine radicals produced by UV irradiation of halo-
genated organics [9.387]. It was also suggested that
many organosulfur compounds adsorb on noble metal
NP surfaces [9.388] and carbon disulfide undergoes dis-
sociation on silver surfaces.

In early 2003, the first detailed report, from the au-
thors’ group, appeared on the interaction of noble metal
NPs with halocarbons [9.389]. In a manner strikingly
similar to the reaction of other metals with halocarbons,
nanoscale noble metals also react with halocarbons.
Through reductive dehalogenation, the reaction leads to
the formation of metal halide. An important thing to
be noted is the formation of amorphous carbon in this
process [9.389], and harmful that the reaction proceeds
efficiently at room temperature [9.389]. The reaction of
noble metal NPs with halocarbons could be considered
as a classic example of the particle size-based reactivity
of metals [9.389] as noble metals in bulk form are not
attacked by halocarbons.

Using a number of spectroscopic techniques, this
reaction was studied to understand the reaction mech-
anism [9.389]. It was observed that plasmon intensity
in the absorption spectrum gradually decreases without
any shift in the plasmon peak position. When the re-
action product obtained at the end of the reaction was
analyzed using x-ray diffraction (XRD), features were
similar to AgCl. Thus the conversion of metal to metal
halide was confirmed. In the Raman spectra, broad G
and D-band signatures of the amorphous carbon cen-
tered at 1550 and 1288 cm−1 was seen, pointing towards
the formation of amorphous carbon.

Gas chromatographic and IR spectroscopic mea-
surements also confirmed the complete mineralization
of the halocarbon, as there were no reaction prod-
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ucts. A reaction mechanism was suggested that depends
on the spectroscopic observations [9.389]. We can
represent the reductive dehalogenation of carbon tetra-
chloride as

4Ag+CCl4 → 4AgCl+C ΔH = 1.2 kJ/mol .

We can also consider the reaction from an electrochem-
ical standpoint as

Ag → Ag+ + e

ΔEOXDN = −0.80 V

CCl4 +H+ +2e → CHCl3 +Cl−

ΔERDCN = +0.67 V

CHCl3 +H+ +2e → CH2Cl2 +Cl−

ΔERDCN = +0.56 V .

The excess surface energy of the NPs is the reason
behind the reaction proceeding at the nanodimension.
This is very helpful in overcoming the thermochem-
ical barrier and the reductive dehalogenation reaction
is exothermic [9.389]. After understanding the min-
eralization of halocarbons, the research was extended
to the field of pesticides. They are another important
family of halogenated organics. Pesticides such as en-
dosulfan [9.390] and chlorpyrifos [9.391,392] belong to
halogenated organic family, and malathion [9.391, 392]
is an organophosphate type pesticide.

When the pesticides interacted with gold and sil-
ver NPs, their spectroscopic behaviors were different.
A decrease in plasmonic absorption intensity was ob-
served when endosulfan reacted on gold. There was the
emergence of an additional peak at higher wavelengths
as well [9.393]. This was due to adsorbate binding
onto the NP surface, thereby leading to particle aggre-
gation. IR measurement on the residue obtained after
the adsorption process showed a substantially broad-
ened signature of the pesticide. There were significant
changes in the feature at 1192 cm−1 (Si=O bond) and
negligible changes in the feature at 750 cm−1. This in-
dicated that the interaction largely occurs through the
sulfur. The reverse was the case with endosulfan and
silver. The plasmon absorption did not change signifi-
cantly in the case of endosulfan on silver surfaces. The
IR spectrum of the residue obtained after the reaction
was analyzed and the adsorption of endosulfan onto
silver surface was confirmed.

The heterogeneous adsorption of pesticides onto NP
surfaces was one of the major aspects of the reaction
chemistry [9.391]. For removal of pesticides from so-
lution, noble metal NPs supported on alumina were

found to be very effective. When the input concentration
was 50 ppb, using alumina-supported noble metal NPs,
pesticides could be completely removed from the aque-
ous phase. The complete removal was confirmed using
gas chromatography, which did not show any signifi-
cant signature of pesticides [9.391]. It is very clear that
the chemistry of supported noble metal NPs can com-
fortably be utilized for the complete removal of most
of the pesticides from drinking water whether they are
organochlorine (e.g., simazine, lindane, atrazine, etc.)
or organosulfur pesticides (e.g., triazophos, quinalphos,
etc.), or contain nitrogen-based functional groups (e.g.,
carbaryl, carbofuran, monocrotophos, etc.). This versa-
tility of noble metal NPs in removing a wide variety of
pesticides makes them an attractive candidate for drink-
ing water purification. The strong attachment of NPs on
substrates such as alumina can ensure the stability of the
supported hybrid structures and can ensure that the NPs
will not be released into water under the conditions used
in water purifiers.

Detection of Pesticides in Drinking Water
with Noble Metal NPs

Ultralow concentration sensing of pesticides in drink-
ing water is as important as it is to remove these
toxic pesticides. A large number of water resources
across the world are becoming severely polluted by
the widespread, large-scale use of different pesticides.
Hence, it is imperative to develop rapid, sensitive,
and selective detection protocols for detecting such
molecules [9.394,395]. Several protocols have been put
forward for ultralow-concentration detection of pesti-
cides during the past 25 years [9.396]. Methods such
as chromatography, mass spectrometry, and biosensors
are some of most practiced methods for this and they
offer high sensitivity and selectivity. However, the high
sophistication, amount of time required to evaluate the
data are the main limitations when considered for com-
mon use.

Nanomaterials are expected to contribute in this
area as well by developing rapid and facile measure-
ment methods based on nanomaterial chemistry [9.397].
Oligonucleotide-modified GNPs are being used for the
biomolecular colorimetric detection of polynucleotides
at ultralow concentrations [9.306]. Unlike materials
chosen as adsorbents where a higher surface area is
a prerequisite, the substrate used for contaminant de-
tection should produce a large change in the surface
with adsorbate interaction and a consequent mani-
festation in reliable spectroscopic signatures. Another
important aspect about contaminant detection is the se-
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lectivity. This can be ensured by choosing appropriate
nanomaterials and functionalizing them with suitable
ligands. A good example regarding selective detection
of cysteine and glutathione at micromolar concentra-
tions using GNR is described in more detail in another
section (Sect. 9.5.2) [9.306].

Two general strategies have been employed for
the ultralow-concentration detection of pesticides using
GNPs:

1. Variation in the principal properties of a functional
group attached to the noble metal NP surface in
the presence of organic molecules. This approach
has not yet been utilized for the detection of pes-
ticides in drinking water. However, the nature of
the molecules detected being similar, this tech-
nique can be modified for detection of pesticides as
well. Europium ions (Eu3+) when anchored on the
surface of a GNP are known to show enhanced flu-
orescence intensity [9.398, 399]. The interaction of
organophosphorus molecules with this will result in
the fluorescence being quenched. Organophospho-
rus molecules tend to bind with GNPs, resulting
in the release of Eu3+ ions. In another study,
a zirconium–phosphate-terminated surface was fab-
ricated by treating GNPs supported on silica gel
with zirconium (Zr4+) and POCl3 [9.400, 401].
This surface demonstrated a strong affinity to-
wards organophosphorus compounds. The resultant
interaction induced visible changes in the opti-
cal properties of the GNPs. In another approach,
paraoxon was detected using GNPs functionalized
with an antibody specific to paraoxon [9.402].
The electrochemical properties of the system were
modified upon interaction with paraoxon. Low con-
centrations (at ppb level) were detected in this
method. Using a metalloenzyme, organophosphorus
hydrolase (OPH), which can hydrolyze a large vari-
ety of organophosphate pesticides and neurotoxins,
an ultralow-concentration detection strategy was de-
vised recently [9.403]. GNPs were functionalized
with OPH enzyme. Later fluorophore molecules
were positioned at the OPH active sites. These flu-
orophore molecules were released upon addition of
organophosphorus compounds, resulting in changes
in the fluorescence intensity. Enzyme-mediated hy-
drolysis of acetylthiocholine can generate species
with reducing capabilities, and Au NPs can be syn-
thesized using this [9.404]. The presence of toxic
organic molecules can hinder the catalytic activ-
ity of the enzyme, acetylcholine esterase (AChE).

This inhibition of the enzyme can result in quench-
ing Au NP production due to the unavailability of
the reducing agent. This quenching can even be ef-
fected by nanomolar concentrations of toxic organic
molecules. The resultant changes are manifested
in the optical properties of the GNPs. A similar
reaction will result in changes in electrochemical
currents as well. Au NPs functionalized with AChE
were used to hydrolysis acetylthiocholine, and the
reaction was utilized as a pesticide sensor through
measurement of the electrochemical current, which
depends on the extent of formation of thiocholine
in the presence of pesticides [9.405]. A summary
of efforts related to the use of biomolecular immo-
bilized Au NPs for electrochemical sensing can be
found in a recent review article [9.406]. The enzyme
is known to catalyze conversion of acetylcholine
chloride in the following way [9.407]:

Acetylcholine+H2O
AChE−→ acetic acid+ chloine .

As discussed above, the presence of organophos-
phorus pesticide molecules inhibit the activity of
AChE to hydrolyze Ach. An attenuation of light
when AChE is covalently bound onto GNP sur-
faces which can be correlated with the pesticide
concentration manifests this inhibition [9.408]. The
dephosphorylation by 2-pyridine-aldoxime methio-
dide (2-PAM) can reactivate AChE. Thus the sensor
can be reused for many operations. Detection of pes-
ticides in the ppb limit is possible by this method.
A correlation between the shift in plasmon wave-
length of Ag NPs and the pesticide concentration
was also used to detect pesticides [9.409]. Indoxyl,
a product of the reaction of certain organophospho-
rus compounds and indole is fluorescent in nature.
Indole anchored on the Au NP surface was reacted
with organophosphorus pesticides and the fluores-
cence (resulting from the indoxyl formation) was
utilized for the pesticide detection [9.410]. A ppt
level detection was reported by this method.

2. Interaction with pesticides results in changes in
the optical properties of noble metal NPs. Chem-
istry at the nanolevel is extremely sensitive. Hence,
even at ultralow concentrations, the interaction
between pesticides and NPs brings about consid-
erable changes in properties. The interaction of an
endosulfan–noble metal NP system can be followed
spectroscopically by using different techniques such
as the UV/Vis absorption spectrum, the Fourier
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transform IR (FTIR) spectrum, etc., which use
the changes in the signatures of the NPs to de-
tect the presence of pesticide on NP surfaces. One
of the easiest ways is to observe sensitive color
changes of the solution [9.393]. Colorimetric meth-
ods are simple, user-friendly, and comparatively
less sophisticated. Moreover, the intensity of the
color change is nearly quantitative. Reports sug-
gest that the colorimetric detection of pesticides
at a concentration level of 1 ppm (this is more
than 100 times the permissible levels) is possible.
To take nanochemistry-based methods to the lev-
els relevant to drinking water, different strategies
have been employed. One of the most established
approaches is salt-induced aggregation of noble
metal NPs in the presence of pesticide [9.411, 412].
Studies showed exceptional colorimetric changes
due to pesticides at low concentrations in a salt-
induced aggregation method, which can be easily
followed by absorption measurements. A recent
study indicated that chlorpyrifos induces severe ag-
gregation to GNP-Na2SO4 solution, and this results
in the change in the solution color and thus ab-
sorption characteristics [9.411]. Figure 9.39a shows
the UV/Vis spectral changes and the corresponding
color changes. The fast response time and simplic-
ity of the method points to the on-field adaptability
of the process [9.411]. A change in the SPR band
position and the intensity of humic acid-protected
silver NPs were utilized for detection of herbicides.
However, these changes were observed only at high
concentrations of herbicides [9.413].

In addition to the above-mentioned two general ap-
proaches, the enhancement of Raman signals in the
presence of noble metal NPs has been extensively
utilized for detection of organic molecules. A dye mol-
ecule, rhodamine 6G, where very low concentration
(equal to single rhodamine 6G molecule) detection
through an SERS-based method is the most studied
example [9.414–417]. Recent investigations indicated
higher Raman signal enhancements in the presence
of anisotropic gold and silver nanostructures, which
can lead to the detection of ultralow concentrations of
organic molecules [9.418, 419]. Using the Langmuir–
Blodgett assembly of anisotropic nanostructures, the
detection limit can be further improved [9.331]. This is
discussed in more detail in another section (Sect. 9.7.6).
Molecular level details about the interaction between
proteins and DNA interactions were studied using this
method recently [9.420]. Another study revealed the
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Fig. 9.39 (a) UV/Vis spectra of Au@citrate/Na2SO4 mixture
before and after the addition of chlorpyrifos-spiked water.
(a) Au@citrate/Na2SO4 mixture, (b) 20 ppb and (c) 25 ppb chlor-
pyrifos in Au@citrate/Na2SO4 mixture. The corresponding pho-
tographs are also shown. From the authors’ laboratory. (b) UV/Vis
spectra of GNPs (a) before and (b) after mercury treatment. In-
set: Photograph of gold nanoparticles and mercury treated GNPs.
Schematic of the down-flow column apparatus used is also shown.
From the authors’ laboratory (after [9.381, 414])

feasibility of using humic acid-protected GNPs for
the detection of organic contaminants [9.421]. The
high affinity of humic acid (HA) towards a vari-
ety of organic molecules and the low background
SERS spectrum of HA (the spectrum is relatively
weak in absolute intensity) also helps in the detection
process.

Chemistry of Heavy Metal Ions
with Noble Metal NPs

Sequestration of heavy metals is considered to be one
of the most interesting application areas of noble metal
NPs in drinking water purification. The pioneering stud-
ies regarding the interaction of metal ions with noble
metal NPs were carried out in the early 1990s [9.386]
and indicated that many of the previously known prop-
erties of metals do not hold true as the size goes down
to the nanometer regime.
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As the size of the particle increases, the redox po-
tential of a microelectrode becomes more positive

Agn → Ag+
n + e− .

For a free silver atom (n = 1), the reduction potential
is −1.8 V. However when n → ∞ (for conventional
silver electrodes) the potential reaches a value of
0.799 V [9.422]. Such drastic size-dependent changes in
electrochemical properties will have high impact in the
interaction of these NPs with pesticides and heavy met-
als in water. The conversion of Ag clusters into colloidal
metal particles catalyzed by Cu2+ illustrates this effect.
The reaction follows the following scheme [9.423]

Agn +Cu2+ → Agn−1 +Ag+ +Cu ,

followed by similar reaction of Agn−1,

Cu+ +Agn+m → Cu2+ +Ag−
n+mAg+ +Ag−

n+m

→ Agn+m+1 .

Here, the cluster containing n atoms is depicted as Agn ,
and Agn+m correspond to a colloidal particle composed
of n +m atoms. Aggregation of unstable clusters results
in the formation of colloidal particles. The reaction be-
comes feasible due to the rather negative potential of
silver clusters. The reaction can be followed by the dis-
appearance of the absorption feature of clusters and an
increase in the intensity of the 380 nm band of metallic
silver. A similar study on the interaction of Cd2+ with
4 nm colloidal silver particles is also available [9.424].
In this reaction, 1-hydroxyethylmethyl radicals gener-
ated radiolytically in a mixed solvent system (acetone
+ 2-propanol) results in the production of colloidal cad-
mium via electron transfer. An absorption feature corre-
sponding to colloidal cadmium starts to appear around
250–280 nm, confirming this reduction. A concurrent
red-shift was observed for the silver plasmon band
(375–383 nm). Another study about the interaction be-
tween Ag NPs (0.25 mM in water) with Cd2+ solution
(0.02 mM) reported the appearance of a separate ab-
sorption feature around the 550–600 nm region [9.425].
It is worth noting that in both studies, the size of the
silver NPs remained constant. However, different spec-
tral observations were made in the two methods. One
method did not show any change after the addition of
metal ions, while the other showed an instantaneous ap-
pearance of a new feature. Similar observations were
seen in the case of other metal ions as well.

Several adsorbent systems including activated
carbon [9.426], polyethyleneimine-modified cellu-
lose [9.427], functionalized membranes [9.428], sil-
ica [9.429], and graphene [9.430] have been employed

for the removal of mercury from drinking water. All
good adsorbents should have an extremely high metal
adsorption capacity, minimum contamination of the wa-
ter (e.g., minimum ion exchange), zero desorption under
environmental conditions, and economic adaptability.

During the sequestration of heavy metals from
drinking water by NPs, the adsorption chemistry plays
an important role. Depending on the phase stability
two metals can exist as an alloy with varying compo-
sitions. For example, gold and mercury can exist as
Au3Hg, AuHg, and AuHg3. Therefore, for 1 g of Au,
a maximum adsorption of 3.05 g of Hg is possible.
Hence, utilizing the alloy formation, a high efficiency
adsorption process can be devised. Zero-valent iron
was the first system where metal alloying induced
sequestration of heavy metals was reported [9.431].
However, surface corrosion can reduce the capacity
of iron to alloy with heavy metals. The use of noble
metal NPs for this concept pointed towards the large
possibility of these NPs in water purification [9.380].
An increased adsorption capacity of 4.065 g/g of gold
is reported when mercury was reduced to the zero-
valent state followed by alloying with GNPs. The
mechanism of the reaction was studied using various
techniques. Microscopic images demonstrated an in-
crease in the size of the NPs upon addition of Hg.
An amorphous layer of mercury was also observed
around the NPs. In the absorption spectrum, a shift
in the plasmon position along with a significant mod-
ification in the peak shape was observed (Fig. 9.38b).
An X-ray diffractogram confirmed the formation of
an alloy Au3Hg phase. Quantitatively 738 mg gold
can be used to decontaminate 3500 l of 1 ppm mer-
cury [9.380].

Silver NPs have enhanced ability to function as a re-
ducing agent for mercury and can exist with mercury in
different phases as an alloy as well. Surface plasmon
of Ag NPs experiences a blue-shift along with a de-
crease in intensity immediately upon introduction of
Hg2+ ions. The partial oxidation of Ag NPs to silver
ions results in the decrease in plasmon intensity whereas
the shift can be due to the incorporation of mercury into
the silver NPs [9.432, 433]. Aqueous mercury NP solu-
tions are reported to exhibit a plasmon absorption band
below 300 nm [9.434]. Hg-Ag alloy NPs synthesized
via simultaneous reduction with sodium borohydride
showed a plasmon in the region of 300–400 nm [9.435].

Silver NPs (average size 60–80 nm) prepared by
the Turkevich method (discussed earlier) are known to
show a tremendous growth in size up to over 600 nm
upon mercury incorporation. This was attributed to the
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nucleation of reduced mercury on the silver surface.
Energy-dispersive x-ray analysis confirmed the homo-
geneous distribution of mercury on the silver NPs. The
edges of the particles had a slightly higher concentra-
tion of Hg compared to the center. The surface adsorbed
mercury atoms might diffuse rapidly into the silver core,
resulting in a very fast disappearance of the silver plas-
mon band. In order to understand this, the reaction
needs to be analyzed thermodynamically. The reduction
reaction is

Ag → Ag+ + e− E◦
OXDN = −0.8 V

Hg2+ +2e− → Hg E◦
RDN = 0.85 V

2Ag+Hg2+ → Hg+2Ag+ E◦ = 0.05 V .

According to the potential in bulk scale, this reaction
is thermodynamically feasible. However, as discussed
earlier, the conditions are different in the nanoregime.
At atomic scale, the Ag+|Ag (atom) cell has a re-
duction potential of −1.80 V. Hence it is reasonable
to think that the reduction potential of the silver NP
is likely to be much less than 0.8 V, which creates
a strong driving force for the galvanic reaction to oc-
cur. The difference in the reduction potential of silver
NPs and in the bulk state can be understood from the
Ag-HCl system [9.436]. Silver in bulk form will not
react with HCl. However, silver NPs prepared by the
sodium borohydride reduction method demonstrate an
unusually high reactivity with HCl. The plasmon band
of silver NPs vanishes after the addition of HCl, con-
firming the dissolution. A white residue obtained after
the reaction of silver NPs with HCl (AgCl) confirmed
this.

This result can also be understood from the reaction

Ag(s)+H+ +Cl− → AgCl(s)+ 1
2 H2

E◦ = −0.22 V .

Hence, with bulk silver, there is no driving force for
the reaction. However, at the nanoscale, the feasibil-
ity of the reaction points to the continuous increase of
the reducing nature of the silver as the size reaches the
nanoregime. Utilizing the ability of silver NPs to reduce
a number of heavy metals, a variety of alloy NPs (e.g.,
Ag-Hg bimetallic NPs) have been prepared. Similarly
Pd-Ag and Pt-Ag NPs [9.437] have also been synthe-
sized using galvanic etching.

Recently, the authors’ group has carried out ex-
tensive studies on the mechanism of Hg removal by
silver NPs. A detailed study of the chemical inter-
action of heavy metal ions such as Hg(II), Hg(I),
Pb(II), and Cd(II) with naked and protected silver

NPs was carried out [9.438]. Silver NPs protected
by citrate (Ag@citrate, 30 nm average diameter) and
MSA (Ag@MSA, 8 nm) were taken as the model
nanosystems. With the help of various spectroscopic
and microscopic techniques, it was concluded that the
metal ions interact with both the core of the NPs and
the functional groups of the capping agents, especially
carboxylic acid functionalities (Fig. 9.40). It was also
observed that both NPs studied were able reduce Hg(II)
and Hg(I) ions to metallic mercury, because of the fea-
sibility of the redox reaction, and that no reduction
occurred for Cd(II) and Pb(II). It was concluded that the
reduction of Hg(I) and Hg(II) ions was by electrons sup-
plied by the core silver atoms of the NPs at lower metal
ion concentrations. At higher concentrations, the metal
ions were chemically bonded to the carboxylate groups
of the citrate and MSA, in turn, forming sulfides.

Using this same basic chemistry, a practical silver
NP-based adsorbent for removal of Hg(II) from water
was developed by the authors of this chapter [9.439].
The NPs were supported on alumina and its efficiency
in removing Hg(II) from water was demonstrated. The
study was also extended to novel noble metal nanosys-
tems known as quantum clusters (discussed later in
Sect. 9.8). The interaction of novel unsupported and
supported MSA-protected clusters such as Ag7 and Ag8
with Hg(II), Cd(II), and Pb(II) in water at different
concentrations was investigated [9.440]. It was under-
stood that the interaction with these clusters is similar
to that for corresponding larger NPs. It was concluded
that Hg(II) was reduced to metallic mercury by both
supported and unsupported clusters, due to the feasibil-
ity of the redox reaction discussed above, whereas no
reduction happened for Cd(II) and Pb(II). This interac-
tion resulted in the disappearance of the luminescence
of the cluster, which may aid in sensing Hg(II). The
metal ions were chemically bonded to the carboxylate
groups of MSA at lower concentration, and due to this
chemical affinity of the ligands and the lower silver
content per cluster compared with the number of car-
boxylate groups, Hg(II) was not reduced at these lower
concentrations.

Detection of Heavy Metals in Drinking Water
with Noble Metal NPs

The maximum contamination limit (MCL) for various
contaminants in drinking water was reviewed recently
and MCLs for various contaminants were reduced. For
example, the MCL for lead has been changed from 15 to
10 ppb and the MCL for arsenic has been revised from
50 to 10 ppb. Various methodologies for the detection
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Fig. 9.40a–d X-ray photoelectron
spectroscopy (XPS) spectra in the
(a) C 1s, (b) O 1s, and (c) Ag 3d
of Ag@citrate and Ag@MSA and
(d) S 2p region of Ag@MSA. Traces
(a) and (b) in (a–c) are due to
Ag@citrate and Ag@MSA, respec-
tively. From the authors’ laboratory
(after [9.439])

of mercury [9.441], arsenic [9.442], lead [9.443], and
anions [9.444] are available. Similar to the methodol-
ogy adopted for the detection of pesticides, there are
two possible ways to detect metal ions by noble metal
NPs.

Colorimetric Detection. Noble metal NPs can anchor
various types of ligands on the surface and can inter-
cede in several ligand-mediated reactions. Moreover,
this anchoring or functionalization of metal surfaces
generally results in sensitive changes in their opti-
cal properties [9.445]. Heavy metals can be detected
using surface functionalized NPs [9.446]. Biomolecule-
functionalized GNPs were used for this application
recently. The interaction between metal ion and nu-
cleotide, for example the Hg2+-promoted formation
of thymine–thymine base pairs [9.447, 448], was used
for detection. Based on this interaction a scanomet-
ric device involving the use of an oligonucleotide
chip array for the low concentration detection of
metal ions was reported [9.449]. The aggregation of
Au NPs functionalized with a DNA strand due to
the hybridization action of enzymes in the presence
of a substrate is another example of a similar ap-
proach [9.450–453]. The presence of specific metal ions
can hinder the hybridization by catalytic cleavage of

the substrate. Hence upon addition of metal ions, the
aggregates of GNPs become disengaged. This method
has a detection limit of 100 ppb. Peptide-functionalized
Au NPs were also utilized for colorimetric detection
of Hg2+ and Pb2+ at the ppb level (distinct color
changes for the two ions), via a similar methodol-
ogy [9.454]. The peptide (Flg-A3 peptide with spe-
cific sequence, -Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-
Pro-Ala-Tyr-Ser-Ser-Gly-Pro-Ala-Pro-Pro-Met-Pro-Pro-
Phe-) was anchored on NP surfaces which also acted
as the stabilizing agent due to its negative charge. The
aromatic, charged, and hydroxyl groups in the peptide
sequence distinguish heavy metal ions leading to plas-
mon shifts in the absorption spectrum-based nanomolar
detection. Metal ion-induced assembly of GNPs in the
presence of carboxylated peptide (tyrosine containing
peptide NH2-Leu-Aib-Tyr-OMe) was also used for the
ppm level detection of various metal ions [9.455]. Sim-
ple colorimetric approaches based on the specific action
of DNA enzymes towards metal ions (e.g., Cu2+ and
Zn2+) have also been also utilized for the targeted de-
tection of metal ions [9.456, 457].

The mechanism of colorimetric detection usually
depends on the complexation of ligands functionalized
onto noble metal NP surfaces with specific metal ions.
This results in observable optical changes at concentra-
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tions in the ppm level. Various ligands such as gallic
acid (Pb2+), cysteine (Hg2+, Cu2+) [9.458], and mer-
captoundecanoic acid (Pb2+, Cd2+, Hg2+) [9.459] have
been employed for this purpose.

The chemistry of metal NPs can also be utilized
for the removal of heavy metals. The alloy formation
between the metals gives rise to notable changes in
the optical properties of noble metal NPs (as was dis-
cussed earlier) [9.379, 380]. Aggregation of Au NP
surfaces modified by carboxylate groups can be in-
duced by Hg2+ and pyridinedicarboxylic acid, leading
to a colorimetric response [9.460, 461], fluorescence
quenching [9.462], and enhancement of hyper-Rayleigh
scattering intensity [9.463]. The selectivity of metal
ions depends on the choice of carboxylate group.
Generally, 3-mercaptopropionic acid [9.460, 461, 463],
adenosine monophosphate [9.460], and mercaptounde-
canoic acid [9.462] are used.

SERS-Based Detection. Utilizing the SERS activity of
noble metal NPs, trace quantities of contaminants in
drinking water can be detected. As was explained earlier
(Sect. 9.4), the large electric field generation near the
metal surface due to the collective oscillations of con-
duction electrons with the incident light leads to signal
amplification. Charge transfer between the chemisorbed
species and the metal surface leads to electronic tran-
sitions from the highest occupied molecular orbital
(HOMO) the to lowest unoccupied molecular orbital
(LUMO). Excellent reviews on SERS can be found
in the literature [9.464]. Various attributes of SERS
such as size-dependent SERS activity [9.415], single-
molecule detection [9.416], and enhanced activity from
assembled nanostructures [9.465] can be utilized for
detection of contaminant molecules in drinking water.
A recent study demonstrated the shape dependency of
SERS-based concentration detection of arsenic in drink-
ing water [9.466]. A detailed description of this is given
in a later section (Sect. 9.7.6). Alterations in the con-
formation of DNA can inhibit their binding capacity
to NP surface. This difference in binding capacity in-
duced by Hg2+ on thymine-rich single-strand DNA
tagged with a fluorescent dye was used for the detec-
tion of Hg2+. NPs aggregated upon addition salt when
DNA (which can prevent this aggregation) was not an-
chored on the surface leading to the detection [9.467].
It was also understood that Hg2+ can catalyze the
formation of stable duplex DNA from single-strand
DNA-functionalized GNPs through thymine–Hg2+–
thymine linkage [9.468]. This temperature-dependent
process can be modulated by controlling the extent

of thymine–thymine mismatch. Surface modification of
Au NPs with suitable molecules can result in enhanced
metal ion capacity [9.469]. Raman vibrational modes
are extremely sensitive towards the heavy metal coor-
dination, which will become enhanced upon coupling
with noble metal NPs.

Ultralow quantities of anions can be detected us-
ing SERS-based protocols. Perchlorate, thiocyanate,
and cyanide ions have been detected using posi-
tively charged silver NPs protected by amino and
amide groups which are immobilized on the silica sur-
face [9.470].

Chemistry of Microorganisms
with Noble Metal NPs

Silver, in zero-valent and ionic form, is known to
possess antimicrobial effects [9.471–475]. As is illus-
trated in the historical perspective as well, it has been
widely used as a common disinfectant for surgical
masks [9.476], textile fibers [9.477], wound dress-
ing [9.478], etc. Several scientific studies have been
undertaken to understand the mechanism of this ef-
fect, and there exist a number of reviews regarding
this [9.479–484]. Here, some important aspects of NP
chemistry with microorganisms, that are relevant to
drinking water purification are summarized.

Toxic effects of Ag NPs on a broad spectrum of mi-
croorganisms, including Escherichia coli [9.471, 474,
475, 484–486], Pseudomonas aeruginosa [9.484], Vib-
rio cholera [9.484], Bacillus subtilis, and the human
immunodeficiency virus (HIV)-1 [9.487] are well doc-
umented. Before going into the mode of action of Ag
NPs, it is important to understand the biocidal activity
of silver ions. The precise mechanism behind the effect
is not fully understood. However, protein inactivation
and loss of replication ability of DNA are suggested
as the route cause for this effect based on certain key
observations:

1. When cells are subjected to external stimuli like
heat, they will try to protect the DNA by form-
ing a defense around the nucleus [9.488]. However,
this defense mechanism cannot withstand certain
external stimuli, which will result in denaturation
of the DNA (loss of replication ability). When Ag
ions were injected to E. coli and Staphylococcus au-
reus, a similar observation was made[9.489]. DNA
condensation resulting from the formation of pro-
tective layers around the DNA was observed in this
investigation [9.489]. A large-scale movement in
the cellular components when encountering Ag ions
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points to the capability of the cell to protect itself
against external stimuli.

2. Studies indicated that the interaction of silver ions
with the sulfur present in many proteins leads to pro-
tein inactivation [9.490]. It was also observed that
external addition of sulfur-containing compounds
led to neutralization of the antibacterial activity of
silver. This confirmed the interaction between sulfur
and silver.

The effectiveness of Ag ions is closely related to the
nature of the charges on the cell surface (due to the pres-
ence of various functional groups) and the antibacterial
composition. For example, if the antibacterial compo-
sition and charge on the cell surface are negative, the
contact between these two entities will be minimal due
to repulsion [9.491]. Silver can absorb oxygen in atomic
form and this has been widely utilized for many organic
reactions such as conversion of methanol to formalde-
hyde [9.492]. Also, bulk silver in water enriched with
oxygen is known to oxidatively destroy microorgan-
isms [9.493]. Cell viability is maintained by cellular
membranes and in the case of gram-negative bacteria
such as E. coli, the cellular permeability is controlled by
a lipopolysaccharide (LPS) layer on the outer surface of
the cellular membrane. The saturated fatty acids on LPS
bind to the negative ions present on the membrane back-
bone. This renders LSPs to have high affinity towards
cations. This allows the permeation of polycationic an-
tibiotics into the cytoplasm. Also, cations such as Mg2+
and Ca2+ can act as electrostatic linkers to bind adjacent
LPS chains [9.494]. However, this also makes LSPs to
be highly susceptible towards cations and it has been re-
ported that even simple cations can bind to LSP and can
induce weakness in the membrane’s backbone, leading
to disintegration of the membrane and can lead to loss
of cellular viability [9.494]. Now the effect of Ag NPs
on microorganisms can be looked at.

The severe and irreparable damage caused by silver
NPs to the cellular membrane [9.474, 485, 495] leading
to the accumulation of NPs in the cytoplasm [9.474]
has been investigated in detail. The damage these Ag
NPs bring to cells stems from this and is not due to
their toxicity [9.485]. This can be easily understood by
the significant amount of pits formed after treatment.
Another requirement of Ag NPs to have good bioci-
dal activity is that they should be supported to have
a considerable amount of antibacterial effects. Gener-
ally, cellular proteins, which help cells to guard against
metal toxicity, bind to the NP surface, leading to the
aggregation of NPs. In this aggregated state the NPs

become immobile [9.474]. The size of the NP particle
plays an important role in the permeation of NPs into
the cell, and small NPs are expected to penetrate across
the cell membrane easily [9.484, 485]. Consequently,
the biocidal activity of Ag NPs is also dependent on
their size and shape. For example, compared to NRs and
spherical particles, triangular nanoplates were found to
have more activity. The crystal structure of the surface
of the NPs can also influence the activity. It is under-
stood that bacteria will interact more with high atom
density (111) crystal planes [9.484]. Hence, a crystal
with a larger number of (111) planes will demonstrate
higher antibacterial activity [9.485].

The formation of superoxide (detected by the dis-
mutation activity of superoxide dismutase) has been
also proposed to be a reason for the antibacterial ac-
tivity. It was also found that the addition of dismutase
resulted in a reduction in antibacterial activity [9.496].

Another opinion suggests that the chemistry of
silver ions is important in the antibacterial effect of sil-
ver NPs. Study showed that oxidized silver NPs are
nontoxic towards E. coli strains, pointing towards the
importance of chemisorbed Ag+ ions in determining
silver NP toxicity [9.486].

Studies showed that Ag NPs interact with the gly-
coproteins of HIV-1 and particles greater than 10 nm
attach to the viral envelope. HIV cell infection also
occurs due to the binding of glycoproteins with recep-
tor sites on host cells. The sulfur-bearing residues on
the protein surface actively participate in the binding
process with Ag NPs and make the glycoprotiens in-
capable of binding with host cells, deactivating the HIV
virus [9.487].

The stabilization of Ag NPs in organic media such
as plastics, oils, etc., is also important to attain optimum
antibacterial action. There are two major approaches for
this:

1. Synthesis of organic-soluble Ag NPs via different
methods, for example, polymerization of benzylth-
iocyanate on silver NPs [9.497].

2. Preparing Ag NPs directly in vegetable oil by reduc-
tion of the metal salt by oxidative drying process in
oils [9.498].

Ag NPs and their antibacterial properties have
also been utilized for making bacteriostatic separa-
tion membranes [9.499–501]. Biofouling and inability
to remove viruses are recurring problems in many
membrane-based technologies. Thus, Ag NPs can con-
tribute greatly to this area and incorporation of Ag NPs
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Fig. 9.41 (a) Schematic illustration of
the protocol used to conjugate anti-
bodies to the surface of Au nanocages.
(b) Fluorescence image of SK-BR-3
cells whose surfaces were treated with
anti-HER2 antibodies, followed by in-
cubation with fluorescence-labeled
IgG. (c) OCT image of a gelatin
phantom embedded with TiO2; the
concentration of TiO2 was controlled
at 1 mg/mL to mimic the background
scattering of soft tissues. (d) OCT
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onto the membrane solves both problems. The loading
can be done via two processes namely, addition of sil-
ver in zero-valent form or reduction of silver ions in
the membrane casting solution. Addition of Ag NPs
improved the bioresistance as well as the permeabil-
ity [9.500]. Investigations pointed out that the biocidal
properties of silver NP loaded membranes are due to the
leaching of Ag+ ions from the NPs [9.502].

Size and shape-dependent physical and chemical
properties of anisotropic nanomaterials make them at-
tractive candidates for various applications. The higher
efficiency of these particles over spherical NPs has
been demonstrated in various applications. Hence, a few
of the important applications of different kinds of
anisotropic nanostructures are mentioned below. This
section does not provide a comprehensive review of the
literature.

9.7.2 Bioconjugation and Labeling

Functionalization of NPs with biological entities can
increase their biocompatibility and thus improve their
utility for targeting cancer cells. Hafner et al. stabi-
lized, conjugated to antibodies, and characterized GNRs
for biological applications. To this end, the stabiliz-
ing surfactant bilayer surrounding GNRs was replaced
with thiol-terminated methoxypoly(ethylene glycol).
Bioconjugation of GNRs was carried out using a heter-
obifunctional crosslinker and the antibody activity was
confirmed by a strip plate assay. Antibody-functional-

ized NRs were conjugated to murine macrophage cells
by Cortie et al. [9.504] to study their photothermal
properties. Bioconjugation of GNRs with phosphatidyl-
choline for controlled release of plasmid DNA by
NIR radiation was reported by Takahasi et al. [9.505].
Nanocages made of gold were also bioconjugated with
entities including antibodies, nucleic acids, and small-
molecule inhibitors. These were used to target cancer
cells for early-stage diagnostics and thermal therapy of
tumors [9.506]. Figure 9.41a shows a schematic illustra-
tion of the procedure used to conjugate antibodies onto
the surface of Au nanocages. The molecular specific
binding of these cages were tested on breast cancer cell
line SK-BR-3, which overexpresses epidermal growth
factor receptor 2 (EGFR2 or HER2) [9.506]. The mono-
clonal anti-HER2 antibody from a mouse was anchored
onto cancer cells by incubating the cells and the anti-
body. Secondary antibodies (anti-mouse immunoglob-
ulin G, IgG) were immobilized on gold nanocages
in a buffer solution (Fig. 9.41). When the two solu-
tions came into contact, SK-BR-3 cells conjugated with
anti-HER2 antibodies became anchored on the cages.
A uniform green color, indicating homogeneous distri-
bution of the primary anti-HER2 antibody on the cell
surface, was seen in the fluorescence image (Fig. 9.41b).

9.7.3 Optical Contrast Agents

Anisotropic noble metal NPs are ideal candidates as
contrast agents for NIR imaging applications due to
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their strong SPR, biocompatibility, ease of bioconju-
gation, and large scattering cross-section [9.506, 507].
The strong, tunable SPR features in the NIR region
and smaller size of Au nanocages make them attractive
contrast agents [9.506]. Gold nanocages were used as
optical contrast agents in the OCT imaging on phan-
tom samples. OCT imaging (Fig. 9.41c) was conducted
using a 7 fs Ti:sapphire laser with a wavelength of
825 nm and a bandwidth of 155 nm. The presence of
Au nanocages significantly improved the spectroscopic
imaging contrast for tissues. The high absorption cross-
section (2.9 × 10−20 m2 at 800 nm) exhibited by the Au
nanocages was about five orders of magnitude stronger
than the conventional dye indocyanine green. This em-
phasizes the usefulness of these structures for OCT
imaging. Figure 9.41d shows the log of the OCT signal
as a function of depth.

9.7.4 Photothermal Therapy

Living cells being extremely temperature sensitive can
be adversely affected by an increase of a few degrees
and can even lead to cell death. Anisotropic NPs with
NIR absorption can be used for photothermal therapy
where heat is generated by plasmonic absorption [9.509,
510]. Moreover, these particles can function as dual
imaging/therapy capable entities. Several anisotropic
NPs including NRs, nanocages, nanoshells, and nanos-
tars have demonstrated a good NIR absorbing capacity
which can be used for photothermal therapy [9.259,
504,506,508,511–516]. Selective bioconjugation of Au
nanocages can cause targeted delivery of these systems
into cancer cells where they can produce a local tem-
perature rise that can provide a therapeutic effect on
cancer cells [9.260, 503, 506, 508, 511, 512, 514]. As
mentioned in Sect. 9.7.2, the large absorption cross-
sections of Au nanocages can aid these structures to
covert absorbed photons into phonons. This results in
an increase in the temperature of the system. Using an
ultrafast laser-induced heating process, Ag nanocages
can create extremely high lattice temperatures [9.514].
Such therapy is less invasive than chemotherapy or
surgery and holds strong promise as a novel form
of cancer treatment. Xia et al. demonstrated the pho-
tothermal destruction of breast cancer cells in vitro
using immunotargeted Au nanocages [9.259]. Gold
nanocages (with an average edge length of 65±7 nm
and an absorption peak at 800 nm) were conjugated
with anti-HER2, which enabled the specific targeting
of breast cancer cells (SK-BR-3) [9.508, 513, 514].
When the targeted cells were irradiated with a pulsed
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Fig. 9.42a–d SEM images of SK-BR-3 cells targeted with
immuno-Au nanospheres (a) and nanocages (b). SEM im-
ages at higher magnification (insets) reveal that the bright
spots in the SEM images are indeed nanospheres and
nanocages, respectively. The scale bar in the insets rep-
resents 500 nm. (c) TEM image of a microtomed SK-BR-3
cell conjugated with immuno Au nanocages. (d) Typical
flow cytometry graph indicating how the forward scatter
(x-axis) and right angle (RA) scatter (y-axis) can be used
to differentiate the size difference between beads and cells
(after [9.508])

NIR laser, photothermal heating resulted in cell death.
Treatment conditions such as the power density, the du-
ration of laser exposure, and the response time after
irradiation can be varied to achieve effective destruc-
tion of cancer cells. Cells targeted with Au nanocages
responded immediately to laser irradiation, and irre-
versible cellular damage occurred at power densities
greater than 1.6 W/cm2 (Fig. 9.42). As the time of
exposure increased, more and more cell death was
observed.

Salem et al. demonstrated a novel nonviral gene ther-
apy approach using multisegmented metal NRs [9.517,
518]. Cancer treatment can make use of NTs as well.
Hyperthermic treatments can be carried out using NTs,
which also possess large NIR absorption. Because the
surface of NTs is flat, it facilitates high contact between
the NTs and cancer cells, which in turn helps to reduce
the required exposure time. Hence even at low dosage
NTs can be effectively delivered into cancer cells, and
the low dosage reduces the metal toxicity as well.
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Fig. 9.43 (a) Light scattering images of anti-EGFR conjugated Au NRs after incubation with cells for 30 min at room
temperature. (b) Average extinction spectra of anti-EGFR conjugated Au NRs from 20 different single cells for each
kind. Insets show the corresponding light scattering images of anti-EGFR-Au nanospheres after incubation with cells for
30 min at room temperature (after [9.519])

9.7.5 Cancer Cell Imaging

Using dark-field optical microscopy and TPL mi-
croscopy, individual anisotropic NPs can be imaged
due to the strong SPR exhibited by them. They
are ideal candidates for biomedical imaging because
of the large scattering cross-section [9.510]. GNRs
in particular, are well suited for cancer cell imag-
ing due to their strong absorption and scattering in
the NIR region (650–900 nm) [9.509, 510, 517–523].
Huang et al. used GNRs functionalized with nega-
tively charged PSS for cancer cell imaging [9.519]. The
PSS coated GNRs on mixing with an antibody solu-
tion in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer, conjugated with anti-epidermal
growth factor receptor (anti-EGFR) monoclonal anti-
bodies. Two malignant cells, namely HOC 313 clone 8
and HSC 3, and one nonmalignant Ha-Cat cell were
used in the experiment. The anti-EGFR antibody-
conjugated NRs showed higher affinity to malignant
cells due to the over-expressed EGFR on the cytoplas-
mic membrane and bound specifically to the surface of
the malignant-type cells. The light scattering images
of anti-EGFR-conjugated GNRs after binding to ma-
lignant and nonmalignant cells are shown in Fig. 9.43.

The dominant orange color in the image corresponds to
the surface plasmonic enhancement of the longitudinal
oscillation in the NIR of GNR. After antibody conjuga-
tion, GNRs only interact with the malignant cells. The
nature of the interaction is distinguished by light scatter-
ing imaging; Fig. 9.43 shows the quantity of NRs bound
to the cell. From the extinction spectra, it is clear that the
cancerous cells with nanocages have twice the intensity
compared to noncancerous cells. The difference in inter-
action of anti-EGFR-conjugated GNRs with malignant
(target specific) and nonmalignant (nonspecific random)
cells gives rise to this difference in intensity. Wang
et al. showed that GNRs, when excited at appropriate
wavelengths (corresponding to LSPR peak position) us-
ing a two-photon scheme, can produce a luminescence
signal 58 times stronger than the fluorescence signal
from a rhodamine molecule [9.524]. Durr et al. used
GNRs as contrast agents for imaging of cancer cells
and the huge TPL of GNRs was found to be excel-
lent for this application [9.525]. Gold nanocages are
also known to exhibit a broad two-photon photolu-
minescence band (from 450 to 650 nm) when excited
by a 800 nm Ti:sapphire laser. Use of Au nanocages
as optical imaging agents for two-photon microscopy
has recently been demonstrated by Xia et al., who
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Fig. 9.44a–e SEM images show-
ing closely packed films of the
three nanocrystal shapes: (a) cubes,
(b) cuboctahedra, and (c) octahe-
dra; scale bars are 1 μm. (d) SERS
spectra collected on LB films of
each of the nanocrystal shapes of
10−6 M arsenate solution. Peaks at
800 and 425 cm−1 can be assigned
to Na2HAsO4. (e) SERS response
of octahedra LB arrays coated with
various organic species: benzenethiol
(BT), hexadecanethiol (HDT), mer-
captodecanoic acid (MDA), and PVP
(after [9.466])

directly examined the uptake of antibody-conjugated
and PEGylated Au nanocages by U87MGwtEGFR
cells [9.512].

9.7.6 Surface-Enhanced Raman Scattering
Substrates

Ultrahigh sensitivity and specificity are the marked fea-
tures of SERS. So it is a well-established technique and
an attractive tool for trace level chemical detection. An
excellent number of fine reviews are available on this
topic in the literature [9.414, 417, 464, 526–534]. The
SERS signal sensitivity strongly depends on the shape
of the NPs [9.526, 527] This technique can be used for
the detection of arsenate and arsenite in aqueous so-
lutions with a detection limit of 1 ppb (Fig. 9.44d), an
order of magnitude below the standard set by the World
Health Organization (WHO) [9.466, 535]. Yang et al.
successfully demonstrated this by using LB assemblies
of various polyhedral Ag nanocrystals (Fig. 9.44a–c),
made by a polyol process. Octahedra LB arrays coated
with various organic species such as benzenethiol, hex-
adecanethiol, and mercaptodecanoic acid have very
good SERS response, as is shown in Fig. 9.44e. We
know that contaminated ground water becomes a curse
to public health in most developing nations. So there
is a need for a reliable and simple device to detect ar-
senic in ground water. This SERS substrate has proven

to be a good solution for the above crisis. It is reli-
able, reproducible, highly portable, and could be easily
implemented for field detection. Another SERS sub-
strate NP that exhibits strong SERS activity is AuNF.
By packaging RhB@AuNF particles with denatured
BSACE94 molecules the AuNF particles could be de-
veloped into Raman-active tags, whose application in
living cells was demonstrated by using the RAW264.7
macrophage cell line [9.536, 537].

Real-time detection of biomolecules using SERS
has also been reported [9.528–530]. It is known that
SERS activity varies depending on several factors. For
example, Nogami et al. reported that triangular plates
having sharper corners and edges have higher SERS
activity [9.531]. Similarly, silver nanoplates in aggre-
gated form have higher SERS activity than single-form
ones due to strong electromagnetic coupling between
neighboring nanoplates [9.51, 538]. When we consider
anisotropic metal NPs, it is clear that their unusual
LSPR properties and sharp corners on the surface are
the factors contributing to higher SERS activity. These
sharp corners can create a more localized electric field
in comparison with spherical particles [9.535, 537].

9.7.7 Superhydrophobic Surfaces

The wettability of a surface depends on the chem-
ical composition and morphology of that surface.
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Some surfaces have a very high water repellency.
The creation of a local geometry with a large ge-
ometric area relative to the projected area or the
use of roughness combined with hydrophobic coat-
ings can result in increased surface hydrophobicity.
Such superhydrophobic surfaces have many advan-
tages. Water droplets that are in contact with such
surfaces (contact angle > 150◦) form nearly spheri-
cal beads. They are self-cleaning surfaces in which
contaminants of any type, whether inorganic or or-
ganic, adhere to water droplets and will be removed
when the water droplets roll off. Superhydrophobic
surfaces can be made by using anisotropic nanomate-
rials. A single-crystalline Ag dendritic film (thickness
≈ 10 μm) when functionalized with a SAM of n-
dodecanethiol can form a superhydrophobic surface
with a contact angle of 154.5 ±1.0◦ and a tilt angle
lower than 2◦ [9.188]. From contact angle measure-
ments, we can infer that the presence of Ag crystallites
on the substrate increases hydrophobicity compared
with substrates without Ag crystallites (Fig. 9.45). We
can grow Ag nanoplates on GaAs substrates by di-
rect reaction between aqueous solutions of AgNO3 and
the GaAs surface, and it then shows the Lotus ef-
fect [9.189]. These Ag nanoplates can be coated with
1-hexadecanethiol molecules to decrease the surface en-
ergy of Ag plates. One of the major advantages of this
methodology is that we can change the wettability of
such a surface. This is done by controlling the dimen-
sions and nanoscale surface roughness of individual
nanoplates using appropriate variation of the reaction
conditions.
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Fig. 9.46 (a) Schematic representation of the amalgamation of Hg with GNRs. (b) TEM images of GNRs in the absence and the
presence of Hg. (I) no Hg, (II) 1.25 × 10−5 M, and (III) 1.57−4 M of Hg2+. (c) UV/Vis absorption shift in the concentration range
between 1.6 × 10−11 and 6.3 × 10−11 M of Hg(II) (after [9.379])
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Fig. 9.45 (a) SEM image of Ag crystallites. (b) Photograph of
water droplets on the Ag dendritic film surface, Ni surface, and
Cu surface. All surfaces were modified with n-dodecanethiol (af-
ter [9.188])

9.7.8 Mercury Sensor

Mercury, a highly toxic pollutant which is harmful to
the environment, is released from various sources such
as power plants, burning fossil fuels, etc. Exposure to
high Hg can harm our organs and affect the immune sys-
tem. So it is important to monitor Hg levels in aquatic
ecosystems. Owing to the amalgamation of gold and
mercury, GNRs can selectively detect the presence of
mercury in tap water samples at the ppt level [9.379].
The main highlight of this method is that it is very
fast and the entire sensing process takes place in less
than 10 min, with no sample separation and even ul-
tralow levels of Hg can be detected very easily. The
amalgamation process of Hg with GNRs is schemati-
cally represented in Fig. 9.46. Mercury was added into
the growth solution during the synthesis of GNRs and it
was found that the AR of the GNRs is inversely propor-
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tional to the concentration of Hg2+ at constant NaBH4
concentration. A quantitative analysis can be made by
connecting the wavelength shift and the mercury con-
centration (Fig. 9.46). The detection limit of Hg in tap
water for this method was 6.6 × 10−13 g/l.

9.7.9 Infrared Absorbing Material

NIR absorbing films based on gold can be effectively
used for blocking IR radiation. NP-based methods have
a high efficiency and are economically more viable
compared to other methods. Thus they can be used as an
alternative way of blocking IR rays instead of reflective
coatings. We can develop IR filters using nanomaterials
with NIR-IR absorption capacity. Using a prototypi-
cal device, it was demonstrated that gold mesoflowers
(MFs) can be successfully used to reduce the temper-
ature rise in an enclosure exposed to daylight [9.539].
They were able to absorb a significant portion of heat.
Along with a blank glass substrate as the control,
a monolayer and a bilayer of MF-coated glass slides
were used to take the heat absorption measurements.
Results showed that the MF-coated glass (monolayer)
gave an average temperature inside the cardboard box
which was lower by 2 ◦C, whereas the bilayer coated
substrate showed a reduction of 4.3 ◦C compared to the
blank glass substrate. In future this can lead to the ap-
plication of such NIR absorbing materials to make heat
absorbing optical coating of windows [9.419, 539].

9.7.10 Plasmonic Waveguides

Another application of nanomaterials is in the area of
photonic devices. They can have the role of waveguides
if we carefully fabricate them to guide electromagnetic
energy. This can be realized with lateral mode con-
finement below the diffraction limit of light, which is
not possible through conventional waveguides or pho-
tonic crystals. Chains of closely spaced metal NPs
that convert the optical mode into nonradiating sur-
face plasmons can be prepared through electron beam
lithography or self-assembly techniques. Maier et al.
experimentally demonstrated that closely spaced silver
NRs can guide electromagnetic energy from a local-
ized subwavelength source to a localized detector over
a distance of about 0.5 μm [9.540]. The waveguide
structures have individual AgNRs (90 nm− long and
30 nm × 30 nm width/thickness) with spacing of 50 nm
between adjacent particles. An increase in near-field
coupling between the particles was created due to the
perpendicular orientation of the NRs (long axis) with re-

spect to waveguide chain axis. The waveguides used the
tip of a scanning near-field optical microscope. For this,
a dye laser (wavelength of 570 nm) corresponding to the
single-particle resonance was used. The energy trans-
fer through the waveguide was probed using fluorescent
nanospheres made up of carboxyl-coated polystyrene.
Fluorescent nanospheres placed on top of a waveg-
uide at a distance from the excitation source became
excited (illustrated by the dye emission from the flu-
orescent particle) by the local excitation given to the
NR, which proves the propagation of these excitons
along the NR array. The study demonstrated that energy
attenuation lengths of several hundred nanometers is
possible through nanostructure arrays pointing towards
the utility of these plasmon waveguides as functional
end-structures in integrated optical devices [9.540].

9.7.11 Biosensors

Anisotropic NPs with strong SPR features, which are
greatly influenced by the changes in local environment,
can be used for sensing [9.541]. GNRs with high-value
shape factor (surface curvature), are ideal candidates for
plasmon sensing. A multiplex biosensor assay for dif-
ferent targets was constructed using GNRs by Yu and
Irudayaraj [9.542]. GNRs of different ARs were conju-
gated with the IgG of humans, rabbits, and mice using
the 11-mercaptoundecanoic acid linker. The shifts in
SPR wavelengths of these NRs were used to probe their
coupling with respective complements (anti-IgGs). De-
tection of multiplex surface markers of breast cancer
cells by the use of antibody-conjugated GNR molecular
probes also employs a similar strategy [9.543]. A glu-
cose sensor based on the layered superstructure of gold
nanooctahedra was demonstrated by Choi et al. [9.544].
The superstructure was fabricated via a molecularly me-
diated assembly approach. Compared to spherical par-
ticles/glucose oxidase (GOx) system, the single-layered
Au nanooctahedra/GOx system exhibited a greater
voltammetric response under same conditions pointing
towards the dependence of the sensor activity on the
shape of the Au particles used. The Au nanooctahedra-
based glucose biosensor demonstrated a high level of
sensitivity in the range of 0.349 μA/mM and fast re-
sponse (within few seconds) with a wide response range
(between 0.125–12 mM) [9.544].

9.7.12 Photovoltaic Devices

Photovoltaic devices consisting of nanocrystals rely on
the electron acceptor capability of constituent NPs from
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conjugated polymers. However, the limitation of elec-
tron extraction through the nanocrystal is a big problem
of photovoltaic devices made with spherical nanocrys-
tals [9.39, 40]. The use of anisotropic structures (e.g.
NRs) instead of spherical nanocrystals can give signifi-
cantly higher efficiencies because of the smaller number
of interparticle hops necessary for electrons to leave
the device [9.545]. Generally, either TiO2 [9.546] or
ZnO [9.547] NPs are used for this application. Recent
studies indicate that noble metal nanosystems can be
also used for this application. Incorporation of noble
metal NPs are reported to increase the efficiency of so-
lar cells containing ZnO [9.548] and TiO2 [9.549, 550]
nanomaterials. The overall transport properties of the
system will become modified by the incorporation this
nanophase into the composite. Moreover, this will also
permit optical tunability by adjusting the size of the
metal NPs present. The overall absorption of light is
also believed to be enhanced by the presence of noble
metals.

Hasobe et al. pioneered works in this direc-
tion in 2003 [9.551]. Organic solar cells containing
self-organized porphyrin (donor), fullerene (accep-
tor), and SnO2 electrodes containing Au NPs were
prepared. A large enhancement in the photoelectro-

chemical performance and a broader photoresponse in
the visible and IR ranges were demonstrated by the
Au NP containing cells. A self-assembled composite
of Au NP and porphyrin was used for photovoltaic
applications by Yamada et al. [9.552]. Kim and Car-
roll did a detailed study regarding the enhancement
of poly(3-octylthiophene)/fullerene bulk heterojunction
photovoltaic devices by gold and silver NPs [9.553].
Derkacs et al. reported an increase in the efficiency of
amorphous-silicon solar cells by metallic NPs [9.554].
Others have reported similar enhancement in the case of
polymer-based voltaic cells [9.555,556]. Dye-sensitized
solar cells (both iodide/triiodide electrolyte-based and
solid-state) made up of core–shell Au−SiO2 NPs,
which help in plasmon-enhanced light absorption lead-
ing to enhanced photocurrent and efficiency have
been demonstrated by Brown et al. [9.557]. Yildiz
et al. reported a solar cell consisting of oligoaniline
crosslinked Au/CdS NP arrays on electrodes with en-
hanced photocurrent efficiency [9.558]. Isikawa et al.
investigated the effect of the SPR of Ag NPs on
dye-sensitized solar cells [9.559]. An increased pho-
tovoltaic efficiency for tandem ultrathin-film organic
photovoltaic cells was found by the incorporation of Ag
NPs [9.560].

9.8 New Gold and Silver Materials – Quantum Clusters

The dimensions of noble metal NPs are decreasing.
In the very recent past, subnanometer particles and
their associated properties have attracted intense inter-
est. Quantum clusters (QCs) are a new class of materials
made up of a few to tens of atoms, giving core sizes be-
low 1 nm, which exhibit unusual physical and chemical
properties due to their molecule-like nature [9.561,562].
QCs act as a bridge between molecular and NP be-
haviors, and they possess properties that are entirely
different from both of these size regimes. They pos-
sess an intermediate chemical composition between the
bulk and molecular regimes, with an electronic band
structure modified into discrete electronic states as a re-
sult of quantum confinement. Just as in the nanometer
regime, the subnanometer regime is also dominated
by optical properties. While it was absorption for the
former, it is luminescence for the latter. QCs exhibit
strong and core size-dependent, tunable photolumines-
cence properties. They show characteristic absorption
features and are also photostable. The quantum yield
of gold QCs is several orders of magnitude higher than

that of bulk gold. The photoluminescence, photostabil-
ity, and biocompatibility exhibited by gold QCs make
them potential materials for use in many biorelated ap-
plications such as labeling, cell imaging, drug delivery,
detection, etc. [9.562]. Coupled with the possibility of
chemical functionalization and due to the absence of
cytotoxicity, these materials are beginning to enter bio-
materials; the possibility that such clusters can directly
nucleate in proteins expands the scope of this applica-
tion. The clusters that have been investigated using the
tools of gas-phase spectroscopy are now being made
in the condensed phase. Adaptation of the properties
of gas-phase clusters to their condensed-phase analogs
will enrich this area in the years to come. Newer spec-
troscopy and mass spectrometry tools would enable the
exploration of these novel properties. Several of the
phenomena exhibited by such materials cannot be fully
studied without comprehensive theoretical calculations.
Newer insights are expected on the structure, properties,
and dynamics of these systems from such studies. Al-
though several types of cluster have been synthesized,
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very few have been fully characterized by crystallogra-
phy (Au25, Au40, Au102).

Monolayer-protected gold QCs can be synthesized
by various methods [9.561, 563]. They can be di-
rectly synthesized from precursor ions (Au3+), which
are reduced by a reducing agent (e.g., NaBH4) in the
presence of stabilizing ligands such as thiols, amino
acids, proteins, dendrimers, etc. [9.562, 564]. A series
of glutathione-capped gold QCs have been synthesized
by reducing gold ions in the presence of glutathione,
followed by their separation using the polyacrylamide
gel electrophoresis method. A new QC can be made
from another QC by treating it with the appropriate
ligands. QCs are also synthesized by core etching pro-
cesses [9.563]. In this process, core etching of NPs
using appropriate ligands such as dendrimers, thiols,
Au3+ ions, etc., results in the formation of QCs. Gold
clusters are also highly stable at ambient conditions.

Recently our group devised a strategy for synthesis
of Au QCs with the aid of cyclodextrin (Fig. 9.47b) [9.564].
They showed interesting solvent-dependent lumines-
cence, indicating a large number of applications in
sensing and security. In the case of gold QCs, the
electronic bands resolve into discrete energy levels
which resemble those of molecules; hence, they can
be treated as molecular entities. For example, Au25
shows multiple molecular-like transitions in its opti-
cal spectrum [9.565]. The luminescence quantum yield
of synthesized gold QCs ranges from 0.1 to 25%. Al-
though the mechanism of luminescence in QCs is not
fully known, it is believed that the emission originates
from radiative intraband transitions within the sp bands,
across the HOMO–LUMO gap. As the size of the clus-
ter decreases, the spacing between the discrete states
increases, which leads to a blue-shift in the emission
of smaller QCs as compared with their larger analogs.
Since QCs are biocompatible and luminescent, they are
promising candidates for biorelated applications such as
targeted imaging of cancer cells, biolabeling, drug de-
livery, etc. [9.561, 566]. Recently, the cluster formation
process inside a protein was studied using various spec-
troscopic techniques [9.567]. These clusters can easily
be conjugated with biological molecules, further en-
hancing their application potential. Most of the metal
quantum clusters emit in the NIR region and hence they
can be used for two-photon imaging with IR excita-
tion [9.563]. Two-photon emission of Au25 observed at
830 nm with excitation at 1290 nm can be useful for two-
photon imaging [9.561]. QCs also exhibit electrolumi-
nescence at room temperature and hence provide facile
routes to produce strong single-photon emitters [9.561].

The luminescence of gold QCs is exploited for metal
ion sensing [9.568]. Fluorescent gold QCs can be used
to sense mercury(II) based on fluorescence quenching
through Hg(II)-induced aggregations [9.569]. Quantum
clusters are very good catalysts [9.561]. As the crystal
structures of QCs are known, it is possible to correlate
the particle structure with catalytic properties. It was
found that metal oxide (e.g., Fe2O3, TiO2)-supported
gold QCs show higher catalytic activity and yield com-
pared with unsupported QCs [9.561].

Silver analogs of these fascinating materials, how-
ever, are more reactive compared to their gold counter-
parts. Hence, comparatively fewer reports exist. Nev-
ertheless, diverse methods have been reported for the
preparation of Ag clusters [9.570] and most of them are
highly luminescent in both solution and the solid state.
The pioneering effort in this direction was done via
gas-phase and low-temperature matrix-isolation meth-
ods [9.571,572]. The formation of excited Ag2 and Ag3
clusters and the resulting chemiluminescence during Ag
condensation with Ar has also been reported [9.573].
Nonluminescent silver clusters have been synthesized in
frozen solutions and zeolites [9.574]. Diverse methods
such as radiolytic reduction [9.575, 576], sonochemical
synthesis [9.577,578], chemical reduction [9.579–583],
photoreduction [9.584], etc. have also been employed
for synthesis of Ag clusters. A solid-state route for
synthesis of Ag9 clusters was recently reported by
Pradeep et al. (Fig. 9.47a) [9.579]. The same group also
made silver clusters by following an interfacial method
(Fig. 9.47c) [9.585, 586].

Due to the higher reactivity of silver clusters, they
are prone to aggregation and the resultant growth
to form larger clusters/NPs. Usually this problem is
avoided by using some preformed templates or capping
agents to synthesize stable entities [9.587]. Both organic
and inorganic scaffolds are being used for this pur-
pose. Organic scaffolds for fluorescent silver QCs were
first employed by the group of Dickson in 2002, who
employed dendrimers as scaffolds [9.588]. Since then,
several organic scaffolds such as dendrimers, polymers,
short molecules containing both carboxylic groups and
thiols groups, DNA, proteins, and peptides have all
been employed for this purpose. Kumacheva et al.
employed poly(N-isopropylacrylamide-acrylic acid-2-
hydroxyethyl acrylate) microgel particles as a scaffold
for preparing luminescent silver QCs [9.584]. The use
of acrylates for synthesis of small silver QCs, which do
not exhibit fluorescence, by applying γ radiation was
reported earlier by Ershov and Henglein [9.589]. It has
also been reported that, as compared with small poly-
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Fig. 9.47 (a) Scheme of preparation of Ag clusters synthesized through solid-state route and their characterization. (b) Au
clusters synthesized using cyclodextrin, UV/Vis spectrum, and luminescence (CD: cyclodextrin; GSH: glutathione).
(c) TEM image of Ag clusters synthesized by interfacial etching method and photograph showing the luminescence.
(d) Scheme for the preparation of BSA-protected silver clusters and their luminescence characterization. From the
authors’ laboratory

mers, a high density of COOH-groups is better for the
formation of fluorescent silver QCs [9.590]. Recently,
small molecules having carboxylic or thiol function-
alities were also used for synthesis of small clusters.
Molecules such as captopril and glutathione [9.591],
and dihydrolipoic acid [9.592] are reported to produce

silver clusters with weak fluorescence. Pradeep and
Bhaskara Rao used MSA as a scaffold for the prepa-
ration of Ag7 and Ag8 QCs via interfacial etching
of large NPs in several aqueous/organic biphasic sys-
tems [9.586]. Ag9 clusters have been synthesized using
a solid-state route as well [9.579].
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The use of biomolecules as scaffolds is a step to-
wards developing green chemistry protocols for making
quantum clusters, and it also enables the clusters to per-
meate into cells. Due to their luminescence property,
molecular events such as replication of DNA and other
genomic events happening inside cells can be visual-
ized, measured, and tracked. Linear oligonucleotides
having 12 bases were reported to be excellent scaf-
folds for preparation of Ag clusters [9.593–596]. It
was also reported that, of these bases, Ag has more
affinity towards cytosine [9.597] and guanine [9.598]
residues. Efforts to use proteins as scaffolds for sil-
ver clusters due to the high affinity of silver to
proteins have also been reported. Enzymes such as
bovine pancreatic a-chymotrypsin (CHT) were used
as templates for preparation of fluorescent silver clus-
ters [9.599]. Cluster preparation by photoreduction in
the presence of thioflavin T (ThT) has also been re-
ported [9.600]. Synthetic oligopeptides also are being
used for the preparation of silver clusters [9.601, 602].
A supramolecular hydrogel made up of dipeptides was
also employed for synthesis of Ag clusters [9.603].
Proteins are also very actively used as scaffolds. Sim-
ilar to dendrimers, the cage effect of the protein
stabilizes the clusters and enhances their optical prop-
erties. Recently, Liu et al. synthesized BSA-protected
Au and Au@Ag clusters using a sonochemical ap-
proach [9.578]. A protocol using BSA as the template
for synthesis of Ag clusters was developed by our
group recently (Fig. 9.47d) [9.604]. The conversion of
Ag@citrate NPs to luminescent quantum clusters was
also reported by our group [9.605]. The chemical syn-
thesis of these systems has advanced tremendously. It

is possible to create precisely controlled alloy clusters
(Ag7Au6) through chemical means, as illustrated by our
group very recently [9.606].

Inorganic templates such as glasses have also been
used for preparing quantum clusters. This involves
several steps. The first step involves doping of the
glass with Ag+, followed by activation by exter-
nal means in the second step. The activation can be
done through laser irradiation [9.607, 608], synchrotron
irradiation [9.609], thermal annealing, or controlled
quenching of the melt [9.571]. Zeolites have also been
employed for synthesis of clusters [9.610, 611]. Here
also, activation can be done by various means includ-
ing heat treatment [9.612], UV light excitation [9.611],
and two-photon excitation [9.613].

The application possibilities of these new nanosys-
tems are enormous, and their exploration is in its
infancy. One of the most obvious applications of these
systems is in biology, especially in bioimaging [9.563,
568, 614, 615]. They have shown tremendous promise
in catalysis as well [9.616–618]. These materials have
been investigated for use in water purification as well.
Their reactivity with heavy metals was recently ex-
plored by our group, and it was proved that the
chemistry is essentially similar to that of correspond-
ing larger NPs [9.440]. It has been demonstrated that
such clusters are useful for detecting heavy metals in
water as well [9.619]. The feasibility of using these
materials in composites for novel applications such as
antibacterial scaffolds has also been explored [9.620].
However, the authors feel that these materials are going
to make a large impact in many fields, including water
purification, ultrasmall sensors, diagnosis, and therapy.

9.9 Conclusions

Nanomaterials in general and noble metal NPs in par-
ticular are interesting materials for a large number of
applications. This chapter illustrates the potential of
noble metal NPs in various fields. The diversity and
tunable properties of noble metal NPs make them su-
perior over other categories of NPs for several key
applications. In comparison with other nanoscale sys-
tems, noble metal NPs are much more stable and
exhibit much less cytotoxicity. Hence, the applicability
of these NPs is far greater than that of other nanosys-
tems, especially in biology. However, most properties of
many of these nanosystems, especially the anisotropic
analogs, have been studied only to a limited extent,
and more work is needed to understand them better.

There are many promising avenues in terms of their
medical and material science applications, and consis-
tent efforts are needed to bring these to reality. The
properties of gold and silver NPs and clusters are
extremely sensitive to their size and shape. Detailed
understanding is possible only through precise compu-
tational analyses. Rapid and sensitive responses of these
NPs would be useful for developing new sensing de-
vices. Recent research and understanding of the use of
various gold and silver NPs in cancer diagnostics and
therapy have already provided a platform for the de-
velopment of clinical applications in the near future.
A better understanding of the kinetics and dynamics
of the evolution of a single NP and the development
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of a more precise kinetic theory to provide an insight
into the influence of various parameters on the growth
of NPs under a range of conditions are also desirable.
Before using these nanosystems for various applica-

tions, especially in biology and for clinical purposes,
a thorough evaluation of the cytotoxicity of NPs as
a function of their size, shape, and surface coating is
needed.
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