The relevance of light in the formation of colloidal
metal nanoparticles

Marek Grzelczak* and Luis M. Liz-Marzan

Corresponding author: marzelczak@cicbiomagune.es

This document is the Accepted Manuscript version of a Published Work that appeared in final
form in Chem Soc Rev, copyright © Royal Society of Chemistry after peer review and
technical editing by the publisher. To access the final edited and published work see

Chem. Soc. Rev., 2014, 43, 2089-2097. DOI: 10.1039/C3CS60256G



mailto:mgrzelczak@cicbiomagune.es
http://pubs.rsc.org/en/Content/ArticleLanding/2014/CS/C3CS60256G#!divAbstract

3}

-
@

N
S

The relevance of light in the formation of colloidal metal nanoparticles

Marek Grzelczak**® and Luis M. Liz-Marzan®®

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

“The possibility of using colloidal silver and gold as condensors for electron storage in artificial
photosynthesis has prompted the recent renewed interest in these areas.” This statement by Fendler and
co-workers in 1983 is even more relevant in today’s science and technology. In this tutorial review we
summarize research regarding the use of light in the synthesis of metallic nanoparticles. We describe how
light of different energies induces a variety of chemical events that culminate in the nucleation and
growth of metal nanocrystals. Light can thus be used as a handle to direct metal nanocrystal growth and

improve tunability and reproducibility.

Introduction

Light is a ubiquitous component, though often neglected, in
chemical synthesis. The increasing attention toward the use of
light in the synthesis of nanoparticles is due to the technological
and scientific interest in making use of inexpensive solar energy.
In the field of colloid chemistry, light remains an exotic tool that
might be used to control particle shape, size and composition.
Light assisted synthesis, as compared to standard chemical
approaches, provides the advantages of a uniform distribution of
the reducing agent in the entire solution, easy modulation of the
power density, and tuning of the wavelength to maximize the
absorption by chemical species in solution.

Light is of particular relevance in the field of plasmonics, in
which materials interact strongly with the incoming radiation.
Therefore, the use of light in the synthesis of plasmonic
nanoparticles may represent a double benefit, since nanoparticles
provide a colorimetric signal that may assist in retrieving
mechanistic insights on the photochemical processes occurring in
solution. In the past, the kinetics of nanoparticle formation have
provided important information on photochemical pathways.
Within this line, progressive understanding of the chemical
processes taking place in the presence of light, offers new
synthetic tools for manipulation of light induced particle
nucleation and growth, with a relatively high level of control.
Thus, proper understanding of the physics behind light-particle
interactions will confer plasmonic nanoparticles a central spot in
chemical processing, since they provide synthetic tools that can
be largely exploited in fields such as organic chemistry or
catalysis.

In this tutorial review we discuss the role of light in the, wet-
chemical synthesis of metallic nanoparticles and how it affects
the current synthetic models on nucleation and growth of such
metal nanoparticles. Although we are aware of the works devoted
to synthesis of non-noble metal nanoparticles in the presence of
light, we limited our discussion mostly to plasmonic
nanoparticles. Interested readers will find exhaustive information
on non-noble particles in a recently published review.! Our

discussion culminates with the proposal of new synthetic models
so for more efficient and versatile fabrication of nanoparticles using
light as energy input.

Nucleation and Growth vs. Autocatalysis

Wet chemical approaches for metal nanoparticles synthesis
may be classified according to two major mechanisms:
s5 nucleation/growth and autocatalytic reduction, so-called seeded-
growth (see Figure 1). Historically, the former model was
exploited by Faraday to prepare solutions containing “finely
dispersed metals”. In this approach, a metal salt is reduced by a
strong reducing agent to produce dispersed nanoparticles.
60 Organic molecules present in solution adsorb onto the surface of
the newly formed particles, providing colloidal stability and thus
preventing sedimentation. Subsequent advancements by
Turkevich and Frens allowed additional control on the size of the
particles, through the molar ratio between stabilizing/reducing
ss agent and metal precursor.? By that time, LaMer proposed a
general model for the synthesis of monodispersed colloids.®
Although initially proposed for colloidal sulfur, the model found
general acceptance in the synthesis of noble metal-based sols.
Briefly, to obtain monodispersed particles one should increase the
70 nucleation rate so that after the first nucleation burst no additional
nuclei are formed and a saturation point is reached at which
individual precursors only deposit on existing particles — the
growth process. Since the saturation point is achieved faster at
high concentration of the metal precursor, this approach permits
75 the synthesis of large amounts of particles without loss of quality.
Interestingly, the fast kinetics of the process may indeed provide
monodispersity, but at the expense of forming particles with
energetically favorable shapes — isotropic.
However, anisotropic particles have become particularly
g0 attractive because their decreased symmetry often leads to
unusual chemical and physical behavior. Thus, more exotic
shapes bring complexity to the optical response, which has been
shown to be crucial toward important technological developments
(e.g. 3D plasmonic rulers or metamaterials with negative
g5 refractive index). Therefore, the need for synthetic approaches
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leading to new shapes is largely justified. It has been found that
slowing down the kinetics of the reduction process often induces
energetically unfavorable, non-spherical, shapes. However, this
requires separation of the nucleation and growth processes and
therefore seeded-growth approaches were implemented. The first
autocatalytic approach for selective reduction of gold on spherical
seeds of the same metal was proposed by Turkevich.* In this
approach, citrate-stabilized nanoparticles were used as a seeds
that catalyzed HAuCl, reduction by hydroxylamine hydrochloride
exclusively on the seeds surface. As a result, spherical
nanoparticles were obtained, with fine control over the final
diameter. The size prediction was defined by the following
equation: Dy = D, ((Au, + Aug)/Au,)”® where Dy is the final
diameter, D, is the diameter of the seed, Au, the amount of
metallic gold in the seed particles and Aug is the amount of gold
in the growth medium.® In practical terms, this expression defines
the final particle diameter by changing the molar ratio between
metal precursor and seeds. This simple relation opened up new
synthetic tools for predictive formation of metallic nanoparticles.
Another advantage of this approach is the control over the final
concentration of nanoparticles, which is strictly related to the
amount of the seeds. The real versatility of the method, however,
relies on the tunable growth kinetics, which can be modulated by
the reducing power of the reductants, changes in the redox
potential of the metal precursor, as well as crystal face-blocking
by additives. The interplay of these factors determines symmetry
breaking during the growth process, leading to the formation of
multiple shapes using spherical seeds as a starting material.

Although the described mechanistic pathways are relatively
novel in the chemistry of plasmonic nanoparticles, they had been
widely implemented in conventional photographic processes.
Silver halides are highly photosensitive semiconductors that can
be used as metallic silver precursors. Upon absorption of photons,
silver halides produce an electron and a hole, which followed by
electron transfer may transform Ag* into Ag®. This nucleation
process produces small silver clusters, which size and number are
determined by the exposition time. A seeded growth process is
then carried out in a darkroom, by means of a developing process
in which a mild reducing agent (hydroquinone) is applied to
selectively reduce silver using previously preformed metal
clusters as catalysts. Subsequent removal of unreacted silver
halides leads to the formation of a negative image made of
metallic silver.

The achievements in the chemistry of photographic processes
provided inspiration and practical solutions to plamonic
nanochemistry. For example, micron sized silver halide crystals
located on the photographic films require non-spherical shapes to
capture the maximum amount of photons during their exposure to
light. (In photography this is related to the sensitivity of the film.)
The well-established mechanisms for the formation of silver
halides with plate-like and rod-like shapes were indeed adapted to
explain the formation of anisotropic gold nanoparticles.® In
another example, silver nanoparticles were prepared directly from
silver chloride microcrystals, by means of a top-down method, in
the presence of UV light and using DNA as stabilizing agent.”
The reducing agents used in the developing process have also
been adapted to the synthesis of plasmonic nanoparticles.
Hydroquinone, for example, has been used to selectively reduce

6

6!

S

a

70

75

8

8

9

9

100

S

5

S

A

1S}

Autocatalytic process
(Seeded-growth)

e’ e’
Mn+ Mal'y . Mn+ .

Fig.l1 Two important mechanisms for the synthesis of metallic
nanoparticles. In the nucleation and growth mechanism metal ions are
reduced to zero-valent nuclei by a strong reducing agent, followed by
growth into nanoparticles. In the seeded growth process, a reducing
agent oxidizes on a seed surface, facilitating the mild reduction of metal
ions on the surface to produce particles with the desired size or shape.

Nucleation and growth

silver® in the form of anisotropic nanoparticles. The concept of
chemical developing in the photographic process is also
commonly used in ultrasensitive biosensing.® DNA detection has
been achieved by selective binding to individual gold
nanoparticles, followed by signal amplification by autocatalytic
reduction of silver by hydroquinone, allowing the quantification
of the analyte molecules.

Light-assisted nucleation in solution

The reducing agent in metal nanoparticle synthesis can be any
molecule that can reduce the metal precursor into the zero-valent
state. The most usual reducing agents are: borohydrides,
aminoboranes, hydrazine, ascorbic acid, hydroxylamine,
formaldehyde, citric acid, alcohols, polyols, sugars, hydrogen
peroxide or carbon monoxide. In a typical chemical process,
addition of the reducing agent to the growth solution induces
reduction of the metal salt. However, an external stimulus
(energy input) may be required to induce the redox process by
activating molecules in the mixture to act as reducing agent. One
of the most common examples of such pre-reduction chemical
changes is the citrate-assisted formation of gold colloids. High
temperatures induce the transformation of citrate ions into
dicarboxyacetone, facilitating the formation of a multimolecular
complex with the metal center, which later undergoes a
disproportionation reaction to produce the nuclei. Thus, it is
common in many synthetic pathways that the stabilizing
molecules act also as the reducing agent that undergoes oxidation
to produce the metal nanoparticles.

Light or other electromagnetic radiations, may become suitable
stimuli to produce chemical changes involved in particle
formation. As recently pointed out by Majima:'® “what makes the
photochemical synthesis different from other methods is the
character of light, which controls photochemical reactions.” Thus,
the tight correlation between energy and wavelength of light, as
well as its tunable intensity, provide a unique synthetic tool that
cannot be achieved by typical reducing agents. A major difficulty
of wusing light is however the complexity and often
unpredictability of the chemical transitions that may be induced
in a solution containing a metal precursor. It is therefore well
established that light induces a number of redox process in the
medium to produce active species that later reduce metal ions. In
the following sections we discuss different approaches to metal
nanoparticle synthesis, classified by the wavelength of the
radiation employed in the synthesis.
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F|g 2 Synthe5|s of nanopartlcles in the presence of light. Electromagnetlc radiations of different wavelengths induce a variety of chemical events that
induce nucleation and growth of metallic nanoparticles. (a-b) Synthesis by y-radiation. (a) Chemical pathway to generate energetic species (radicals and
hydrated electrons), which in turn reduce metal ions to produce stable colloids. (b) Example of colloidal gold prepared via y-radiation with controllable
sizes. (c-f) UV light —assisted synthesis of metallic nanoparticles. (c) Photolysis of a metal precursor under UV radiation leads to formation metal nuclei
and further growth of the particles. (d) Generated ketyl radicals via Norrish type | cleavage can rapidly reduce a metal precursor. () Au@Ag core/shell
nanoparticles prepared within the scope of the seeded-growth model. (f) Photochemically produced gold nanorods in the presence of Ag*™ (g-j) Plasmon
assisted synthesis of nanoparticles under visible light irradiation. (g) Oxidative formation of silver precursor from Ag seeds and electron donation from
citrate ions lead to formation of silver nanoparticles under visible light. (h) Silver triangles. (i) Au@Ag core/shell. (j) Silver nanorods prepared from Ag
seeds. Figures (b), (e), (f), (h), (i), (j) reproduced with permission from refs. 18, 25, 29, 35, 40, 39, respectively.

v - radiation

The irradiation of an aqueous solution of chloroauric acid with y-
rays from a ®°Co source produces colloidal gold particles with 80
nm of diameter. Such photochemical gold nanoparticle synthesis
was first reported by Fujita and et al.** Later works by Henglein,
Fendler and Belloni established methodologies and mechanisms
for the synthesis of gold,*>™ silver® and copper!’ nanoparticles
with different sizes.® Typical radiolytic syntheses of metal
nanoparticles involve the radiolysis of water, in which hydrated
electrons and hydroxyl radicals are generated by electrons created
by means of a Van de Graaf generator. The hydroxyl radicals
from the radiolysis of water rapidly react with alcohol to produce
hydroxyalkyl radicals. These species can react with the molecules
in solution yielding new radicals capable of reducing the metal
precursor into the zero-valent state (Figure 2a). Although the
energy input during the process is relatively high (MeV), the
nucleation step is relatively slow because of numerous chemical
transitions taking place prior to the formation of metallic clusters.
The nucleation process, however, can be modulated through
various parameters, such as the chemical nature of the radical
scavengers, the presence of gases, or even by pH.2? A major
advantage of this method is that the reducing agent is uniformly
generated in solution and the reaction rate is controlled by the
number of reducing equivalents generated by the irradiation. As a
result, nearly monodispersed particles are formed since a large
number of atoms is homogeneously produced during the
irradiation. Interestingly, the radiolysis protocol was also
extended to the seed-mediated growth of gold nanoparticles with
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precise control over the final particle size.®*** Conventional
citrate-stabilized gold nanoparticles were enlarged upon mild
reduction of Au(CN), by radiolytically generated hydroxymethyl
radicals.’® The radicals donate an electron to the seed particles
which then selectively reduce Au ions on the metal surface. The
enlargement process yielded particles up to a maximum diameter
of 120 nm (Figure 2b). This protocol was also extended to
produce core-shell nanoparticles consisting of silver cores and
gold shells,®® which are particularly difficult to obtain through
other methods because of Galvanic replacement reactions.
Despite all the benefits of the water radiolysis method, the
requirement of a strong energy input to commence the nucleation
of metal nanoparticles pinpointed the need of using a light source
with lower energy. UV was quickly seen as a straightforward
choice and there are plenty of published reports regarding the
synthesis of metallic nanoparticles under UV-irradiation.
Therefore, we only focus here on selected relevant approaches.

UV irradiation

The weak photostability of transition metal complexes under
UV illumination induces a gradual dissociation of the metal ions
from the complex to produce stable metal clusters or colloids.?’
For instance, irradiation of AuCl, solution with 253.7 nm light
induces the photolysis of the complex to produce atomic Au’,
which coagulates into colloidal gold (Figure 2c).?* In the case of
silver, excited Ag” from AgClO, can oxidize H,O resulting in the
formation of silver atoms and subsequent agglomeration to
produce colloidal silver.?? Therefore, photolysis of the metal
precursor in the presence of UV light becomes a synthetic tool for
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the synthesis of plasmonic nanoparticles.#21:?2

Photoreduction of a metal precursor in the presence of ligand
molecules, such as polymers, provides additional control over the
size and shape of the nanoparticles. Huang et al. proposed the UV
photoreduction of silver nitrate in the presence of poly(N-
vinylpyrrolidone) (PVP). The presence of PVP affected the
diameter of the final nanoparticles and the rate of metal
photoreduction. Increasing the amount of PVP (0.25 -1 wt%) was
found to decrease the particle diameter (22-15 nm), along with a
faster rate of the photochemical process. The authors proposed
that PVP is directly involved in the photochemical process. As
PVP contains carbonyl groups that absorb UV light, excited
species could reduce Ag* to Ag®. Alternatively, excited Ag* could
oxidize carbonyl groups from PVP into carboxylic acid. In
another work, polyvinyl alcohol (PVA) and polyethylene glycol
(PEG) were used as capping agents in the photochemical
synthesis of gold nanoparticles with various shapes. Upon
extended UV irradiation (48 h) of an aqueous solution containing
PVA and HAuCI, mostly plate-like nanoparticles were obtained.
Au nanoparticles with quasi-ellipsoidal morphology were
obtained using PEG instead of PVA as polymer capping agent.
Although the authors omitted a mechanistic analysis of this
process, it seems obvious that light, as a reducing agent, can
induce significant changes in the reaction mixture to facilitate
nucleation and growth of the particles with different
morphologies.

Colloidal nanofabrication has also profited from advancements
in the field of polymer science. A large number of
photoinitiatiors, commonly wused in photopolymerization
processes, can be applied in the nucleation and growth of metallic
nanoparticles. Scaiano’s group significantly contributed to this
field by using commercial photoinitiatiors that induce nucleation
of gold® or silver® nanoparticles under UV irradiation. The
advantage of this method is that the chemistry involved is well
known. All these syntheses are initiated by Norrish type |
cleavage reactions, in which UV light cleaves one of the C-C
bonds from aliphatic or aromatic ketones, producing strongly
reducing free radicals (Figure 2d).! Therefore, the stoichiometric
relation between the photoinitiator and the metal precursors
yields monodisperse nanoparticles within few minutes of UV
irradiation.  Additionally, substoichiometric amounts of
photoinitiator allow the implementation of this reaction for
seeded-growth of gold nanoparticles.® Preformed nanoparticle
seeds can store electrons from decomposed molecules facilitating
gradual reduction of the metal salt on the surface of the seeds.
Apart from the size control of the final particles, the composition
was also controlled in Au@Ag core@shell structures (Figure
2e).2% A major disadvantage, however, is the need of using
hydroxylic solvents (e.g water, alcohols). The cleavage of the C-
C bond releases an electron and a proton, which need to be
captured by the metal complex and solvent molecules,
respectively. Thus, the synthesis of particles by Norrish type |
reactions failed in solvents that are unable to accept protons (e.g
THF or toluene).?

Cationic surfactants are another class of molecules that are
suitable for photochemical synthesis of nanoparticles. Esumi and
coworkers found that complexes between AuCl, and cationic
surfactants are suitable precursors for the synthesis of gold
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nanoparticles under UV irradiation.?” They found that prior to
metal nucleation the complex between surfactant and metal
precursor undergoes photolysis, accompanied by oxidation of the
surfactant molecules. Importantly, the size of the nanoparticles
could be tuned through the concentration of the surfactant in the
mixture, so that increasing concentrations led to a decrease in the
final particle diameter. In later studies by the same group, gold
nanorods/nanowires were obtained under UV light irradiation at
high cationic surfactant (C,TAC - cethyltrimethylammonium
chloride) concentrations.”® Although the source of electrons in
the photochemical process was not identified and the yield of
anisotropic nanoparticles was low, the importance of using a
surfactant in the synthesis of anisotropic nanoparticles was again
confirmed.

The important breakthrough in the photochemical synthesis of
gold nanorods was achieved by Yang and co-workers,?® who used
CTAB - (cetyltrimethylammonium bromide) as a capping agent
in the presence of acetone (Figure 2f). The presence of silver
nitrate in the growth solution (no seeds) was found to be crucial
to obtain gold nanorods. In fact, the amount of Ag” dictated the
final aspect ratio of the gold nanorods, which varied from 1 to 5.
The authors proposed that Br form CTAB and Ag"* ions could
produce insoluble AgBr crystals that under UV light irradiation
were reduced to Ag nanoclusters. These Ag clusters were later
oxidized back to AgBr facilitating the formation of gold
nanorods. In a latter work by Placido et al. the mechanism of
photochemical formation of gold nanorods was investigated.*
UV irradiation was proposed to decompose acetone to produce
ketyl radicals, which in turn remove hydrogen atoms from CTAB
molecules. Such alkyl radicals generated from CTAB can reduce
Au(lll) into Au seeds. Subsequently, the Au seeds catalyze the
reduction of Ag® into tiny Ag clusters, which are finally
reoxidized in the presence of Au(l), which is being incorporated
into the crystalline lattice. The well-established underpotential
deposition (UPD) model was used to explain the symmetry
breaking required for gold nanorod formation. During the growth,
Ag(0) adsorbs strongly onto the lateral facets possessing higher
surface energy, whereas the adsorption of Ag(0) on the tips is
weaker, due to a lower surface energy, facilitating higher silver
reduction/oxidation rate and thereby increasing the rate of gold
reduction along the long axis.

Visible light

Since the localized surface plasmon resonance (LSPR)
frequencies of metal nanoparticles can be tuned within the visible
and NIR spectral ranges, incident light of these particular
wavelengths has gained special relevance in the synthesis of
noble metal nanoparticles. The most representative example is
probably the photoinduced formation of silver nanoprisms from
small silver spheres, in the presence of citrate ions.*? Mirkin et al.
showed that the process is driven by surface plasmon excitations,
in which the incident illumination wavelength overlaps with the
LSPR of newly formed nanoprisms. As the position of the LSPR
is directly related to the particle size, this method allows size
control simply by selecting the appropriate incident wavelength.
In subsequent works by the same and other groups, a three-step
growth mechanism was proposed (Figure 2g).** First, the
preformed Ag seeds get partially oxidized by dissolved O, to
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produce free Ag® in the solution. Light absorption by the same
seeds induces plasmon oscillations, which upon decay generate
highly energetic “hot” holes that oxidize citrate ions adsorbed on
the particle surface. Stored electrons in the seed nanoparticles
autocatalytically reduce silver ions on their surface promoting a
gradual increase of particle size. The final shape of the
nanoparticles is defined by site-specific plasmon excitation that
induces face-selective Ag” reduction. It has been found that the
rate of silver reduction is crucial to control the growth process.®*
Through the dynamic oxidation and reduction of silver ions, the
concentration of the metal precursor remains constant. However,
the presence of additives, such as bis(p-
sulfonatophenyl)phenylphosphine dipotassium salt (BSPP)** or
PVP* increases the solubility of the precursor by formation of
complexes, thereby increasing the rate of metal reduction. By
tuning the experimental conditions (e.g. silver reduction rate or
pH), particles with different shapes and composition were
proposed, such as tetrahedra,®® decahedra,®” icosahedra,®
nanorods,® or Au@Ag core-shell structures* (for some examples
see Figure 2 h-j).

From a general perspective, this reaction model reminds us of
a typical photocatalytic process in which a photosensitizer (here
the plasmonic nanoparticles) absorbs light and then directs an
electron flow from the electron donor (citrate ions) to an electron
acceptor (Ag"), giving rise to the formation of nanocrystals. It is
then straightforward that plasmon-mediated synthesis will be
soon extrapolated for the fabrication of particles with different
metal compositions. In fact, recent example on light harvesting
by plasmonic nanoparticles to induce chemical reactions*
confirms the potential of plasmon resonances in the light-assisted
synthesis of nanoparticles.

One can note that with increasing the wavelength — or
decreasing the energy - of the incident light, the anisotropy of the
final nanoparticle products increases (Figure 2). This is directly
related to the chemical nature and physical properties of the
intermediate products that induce metal reduction. Under y-
radiation, highly energetic hydrated electrons with lifetimes of
the order of microseconds ensure fast nucleation of the metal
ions. As a result, mostly spherical particles are formed. In UV
light assisted synthesis, ketyl radicals with millisecond lifetimes
enhance the probability of metal ions reduction over longer
timescales, thereby opening the possibility to modulate particle
shape. Plasmon-assisted nucleation under visible light is a
relatively slow process. Because metallic nanoparticles can easily
retain photogenerated electrons, the induction time is often
detected before the reduction commences. This delay can be an
advantage if one seeks for shape modulation.

Laser ablation synthesis

The use of pulse laser light with visible or near-IR wavelengths
can be used to produce metallic nanoparticles from bulk
precursors. In so-called laser ablation methods, the nanosecond
pulse laser beam with high energy density (10® -10'° W cm™®)
heat the metal target to generate plasma, vapor and metal
nanosized droplets, which further react with the liquid medium to
from nanoparticles.> The main difference from conventional
synthesis is that practically any kind of particles can be prepared
from any base material (e.g. metal, alloy, ceramic). As the final
size of the particles is hardly affected by laser parameters, a
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quenching method has been proposed to control the dimensions

60 Of the nanoparticles. For example, by addition of molecular

quenchers (surfactant, DNA, proteins) at different concentrations,
the particle size could be controlled in the range from 5 to 50 nm.
The main advantage of the laser ablation method is the possibility
to fabricate ligand-free colloids with accessible surface, rendering
them attractive materials for catalytic and biosensing
applications.

Light-assisted nucleation on templates

As mentioned above, seeded-growth is based on the
autocatalytic reduction of metal ions on the surface of preformed
seeds. A straightforward generalization of this model should
allow the use of any materials that catalyze the reduction of metal
nanoparticles on their surface. In fact, in the field of
photocatalysis noble metals are used as electron scavengers,
which can quantitatively indicate the performance of the
photocatalyst. We list below a few examples in which the
nucleation and growth of noble metal nanoparticles, rather than
the photocatalytic activity are highlighted. In general, catalysts
are classified by their chemical composition. Thus, we discuss
nucleation of metal nanoparticles on (i) semiconducting oxides,
quantum dots, carbon based nanostructures (carbon nanotubes
and graphene), and supramolecular assemblies.

Photo-reduction of metals on the surface of oxides has been
extensively studied for applications in catalysis. Bard and
coworkers used platinized TiO, powder for the photosynthetic
production of amino acids under UV irradiation.*? Although the
presence of Pt clusters was essential to initiate any chemical
processes, the mechanism for platinum photoreduction on the
semiconductor surface was fairly well understood. Later works
by Kamat and colleagues provided significant understanding of
the photochemical processes behind metal nucleation.*® When a
TiO, nanoparticle suspension in ethanol was subjected to UV
irradiation, it turned blue as photogenerated electrons were
trapped within TiO, at Ti*" sites. While the holes are irreversibly
scavenged by ethanol, the addition of Ag" results in the
nucleation of the metal on the oxide surface. Interestingly, the
number of electrons stored in the TiO, semiconductor can be
easily quantified by monitoring the evolution of the plasmon
band of newly formed nanoparticles. From an application
standpoint, metallic nanocrystals play an important role in TiO,-
Ag composites, as the metal can store electrons. Thus, under
illumination the flow of electrons can be controlled, which is of
great importance for the desired redox reactions to take place in
solution. Nucleation of silver nanoparticles is particularly
interesting in the presence of non-spherical TiO, particles. In the
work by Cozzoli et al.** organic soluble TiO, nanorods (30 x 4
nm?) acted as both catalyst and stabilizer of photochemically
generated spherical silver nanoparticles (50 nm). Nucleation of
metallic silver took place mostly on the tips, where the surfactant
molecules were less coordinated as compared to the lateral facets
(Figure 3a). During the growth of particles under UV light, the
semiconductor nanorods progressively get organized around the
silver particles, acting as an inorganic stabilizer. Precise control
over the population and size of silver nanoparticles on the surface
of TiO, nanorods (50 x 15 nm?) was achieved by Dinh et al.*®

us The population of Ag clusters on the surface of individual TiO,
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Fig.3 Light-assisted nucleation of nanoparticles on a template. (a-b) Oxide as a template. (a) Dual role of TiO, nanorods: photocatalyst and stabilizing
agent. (b) Reversible photoreduction of Ag nanoparticles on TiO; rods. (c-d) Nucleation of metals on the surface of quantum dots. (c) Formation of Au
nanoparticles on one tip of QD rods. (d) Photoreduction of Pt/Au and Fe;O, nanoparticles on Au-QD rods. (e-g) Carbon-based nanostructures as
templates (e) Selective reduction of Au nanoparticles on the surface of single walled carbon nanotubes. (f) Nucleation of Ag nanoparticles on graphene
oxide. (g) Photoreduction of Pd nanoparticles on assembled organic dyes. Figures (a), (b), (c), (d), (e), (f), (g) reproduced with permission from refs. 44,

45, 47, 49, 50, 52, 54, respectively.

nanorods could be controlled by the amount of hydrophobic
surfactant (oleic acid), which determines the number of
nucleation points on the semiconductor surface. The size of the
silver nanoclusters (2-3.5 nm) was altered by varying UV
irradiation time (Figure 3b). Interestingly, a reversible color
change of the hybrid TiO,-Ag composite was induced by altering
UV and visible light illumination. Exposition of the TiO,-Ag
composite to air under visible light resulted in silver oxidation,
accompanied by disappearance of the characteristic LSPR band.
10 Recovery of the initial color, as well as the number of silver
clusters per TiO, nanorod was achieved by repeated UV
irradiation cycles.
As shown above, the relatively large band gap of TiO, requires
UV light to promote photoreduction of silver nanoparticles.
15 Combination of TiO, with plasmonic nanoparticles has been
recently used for the formation of metallic nanocrystals under
visible light. For instance, Zhou et al.*® have shown that
Auq@TiO, core@shell nanoparticles can induce silver
nucleation on the oxide surface under visible light irradiation at
20 633 nm, which matches the longitudinal LSPR of the Au nanorod
core. Under visible light irradiation, generated hot electrons in the
gold rods are transferred to the TiO, conduction band, and then
scavenged by Ag* to form silver nanoparticles (10 nm).
Quantum dots are also suitable for light-assisted nanoparticle
s nucleation.  These semiconductor nanoparticles with size-

3

dependent band gap energy can efficiently emit light at
practically any wavelength of the solar spectrum. Although
fluorescence-related applications of these nanocrystals are well
established, their use as photocatalysts have recently gained
% increasing attention. The possibility of converting the light
energy into chemical bonds in the form metallic nanocrystals has
been proposed.*”*® Upon UV irradiation, 15 nm gold domains
were exclusively formed on one side of CdS nanorods (Figure
3c). Regarding the mechanism, upon addition of Au(lIl), small
s Au® domains instantly form on the entire rod surface, even in the
absence of light. Upon UV stimulation, the electrons created in
the semiconductor migrate preferentially to one of the metal tips,
further reducing Au(lll), whereas a hole was reduced by the
solvent. Interestingly, the process of gold domain formation could
40 be observed at the single nanoparticle level by using dark field
microspectroscopy. Au-tipped CdSe/CdS nanorods were later
exploited for the transfer of electrons from CdS to the Au tips
upon UV excitation, promoting selective metal deposition on the
gold side.* The gold tip in this system has also served as a
heterogeneous nucleation site for the deposition of different
metals. For instance, Pd/Au alloyed tips were formed while
preserving the rest of the semiconductor intact (Figure 3d). In the
same work, successful photoreduction of iron under UV light was
achieved selectively on the gold tips. Subsequent oxidation of the
so iron under aerobic conditions led to the formation of
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semiconductor nanorods with iron oxide tips (Figure 3d), giving
rise to heterogeneous nanostructures with magnetic and optical
properties. Interestingly, the use of light during the formation of
metal NPs on quantum rods leads to regioselective nucleation.
While thermally induced techniques lead to formation of gold
nanoparticles on the whole surface, light assisted methods result
in metallic cluster growth exclusively on the tips.

Carbon-based nanomaterials, such as carbon nanotubes or
graphene,®*® were also exploited for the selective light-induced
reduction of metal nanoparticles. In the work by Quintana et al.,*°
gold nanoclusters (2 nm) were synthesized on the surface of
oxidized single walled carbon nanotubes (SWNT) (Figure 3e) .
The results indicate that oxidized defects at the sidewalls of
SWNT played an important role as nucleation sites for the
formation of metallic gold. The density of the formed gold
nanoparticles was tuned by the number of oxidative defects in the
SWNT skeleton. Interestingly, gold nucleation kinetics was found
to depend on the electronic structure of the SWNT, with faster
nucleation observed on metallic SWNT, which was associated
with a higher probability of electron-hole pair formation on this
type of nanotubes. The photoactivity of graphene oxide (GO) in
the visible spectral range renders it an attractive photocatalyst to
induce metal reduction with no need of using highly energetic
radiations. Moon et al.> showed that visible light irradiation,
above 420 nm, induced the formation of silver and gold
nanoparticles on graphene oxide sheets without chemical
reducing agents (Figure 3f). Electron transfer between the metal
ions and GO — here an electron donor —, mediated the metal
reduction. In analogy to carbon nanotubes, oxidized defects in
GO played an important role in the nucleation process, providing
a platform for the homogenous distribution of metal centers on
the carbon-based nanosheets.

The above examples show that the major part of the studied
photocatalysts are solid nanometric structures that can absorb
light, which is later stored in chemical bonds through metal
reduction. However, supramolecular architectures consisting of
small molecules (often dyes) can also play the role of a template
or a photocatalyst to induce selective metal reduction on their
surface. For example, one-dimensional tubular aggregates of
tetrachlorobenzimidacarbocyanine dye can mediate the formation
of silver or palladium nanoparticles via a photo-induced electron
transfer process (Figure 3g).>* In the presence of light, the
molecular building blocks can be partially oxidized, promoting
metal reduction. These examples show that the combination of
supramolecular, colloid and photo-chemistry can be successfully
implemented for the synthesis of hierarchical and dynamic
assemblies with multiple functionalities.

50,51

Conclusions

Although control over the quality of nanoparticles has not been
fully developed in light-assisted syntheses, future advances and
better understanding of chemical processes will surely bring
attractive synthetic solutions in colloidal fabrication. Today,
when colloid-based nanomaterials progressively gain importance
in everyday applications (e.g sensing), their possible use in
developing countries is also relevant. Thus, easy access to
sunlight at any point of our planet makes it very attractive the use
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of light to control the growth of nanocrystals, not only with
perspectives for biosensing, but also for energy storage in
chemical bonds and subsequent release for further reactions.

The two main mechanisms involved in nanoparticle formation,
namely nucleation and seed-assisted growth (with or without
light), offer enormous synthetic versatility in colloidal
nanofabrication. Particle size, shape and composition can be
easily designed and tailored. However, for the sake of
sustainability in colloidal chemistry both synthetic models should
be combined, so that nanoparticle seeds would catalyze the
nucleation and growth of the other nanoparticles, but within the
rules of the seeded-growth model. That is, the seeds will
determine the size and shape of the newly formed nanoparticles.
As we have shown, light can be an extremely useful and versatile
synthetic factor to control such processes. In fact, a recent work
by Grzybowski and co-workers demonstrated that such a
synthetic approach is indeed feasible.®® They showed that
nanoparticles comprising Fe,O; and Pd domains can act as
efficient photocatalysts, driving the photoreduction of metal salts
into colloidally stable metal nanoparticles. Although this is just
an example to be added to those discussed above, it shows that
the interaction of light with metallic nanostructures can still offer
a large number of uses and applications, not only to optimized the
synthetic protocols but also to design working devices.
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