
Chapter 2
Advances in Synthesis of Metal Nanocrystals

P. John Thomas, Oliver L. Armstrong, and Sean N. Baxter

2.1 Introduction

Nanomaterials are widely regarded as holding potential answers to challenges in
electronics, medicine, biochemistry, environmental and chemical processes areas.
Synthetic schemes yielding nanocrystalline metals have reached a certain maturity
having witnessed an explosion of interest in the later part of the past 20 years. A
rapid change in properties is observed following the reduction in dimensions of
the system. In the nanometre size regime, particulates deviate sharply from the
properties displayed by their bulk counterparts, as the surface effects become more
substantial [1]. The special-scaled size-dependent properties hold from 100s of nm’s
down to around 1 nm whence individual difference between atomic clusters or nuclei
are many and large [2–5]. There is now growing understanding of structure and
bonding in clusters [6–8]. In the past year, there is emerging realisation that the
footprint of small clusters whose structure is driven by the peculiarities of bonding
clearly extends much further than previously believed [8]. In general, polydisperse
samples or large particles exhibit an average property that may suffice for certain
applications. However, more stringent requirements in terms of size distribution are
usually needed for sophisticated applications relying on nanoscopic properties. The
characteristics of the whole population, that includes particles of different sizes and
properties may interfere with the results and outcomes [9, 10].

There has been much success in obtaining dispersions of nanocrystals with
tight control over shape and size. Topical areas include multistep seeded growth
processes, post-synthesis size tuning, tailoring the ligand shell for various appli-
cations as well as preparing multicomponent alloyed nanocrystals some of which
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are multifunctional [9–11]. The expectation of kinetic control over growth schemes
tends to entail more nuanced approach to synthesis compared to bulk materials.
Modern methods have risen to the challenge producing a bewildering array of
choices. The available schemes are far too numerous to be covered in a single
chapter or indeed in a whole monograph. At the same time, the nuanced devel-
opment of each scheme is valuable and mirrors the emerging understanding of
nanoscopic materials. Both beginners and seasoned veterans could benefit from a
detailed understanding. Hence, in lieu of an overview (with less critical details),
this chapter will present a small overview, punctured with more detailed account of
select reagents and methods elaborating their course over the years. It is hoped that
this would provide sufficient depth and breadth to provide a flavour of the myriad
schemes. Synthetic methods not detailed in this chapter include solvothermal
synthesis [12] and synthesis in confined medium such as microemulsions [13] and
reverse micelles [14].

2.1.1 Nanocrystals in Liquids

Nanoparticulates dispersed or synthesised in the liquid phase are best regarded
as colloidal sols with high-optical clarity. A key factor that lends stability to the
crystallites is the presence of a ligand shell: a layer of molecular species adorning the
surface. Without such protection, the particles tend to aggregate to form bulk species
that flocculate or settle down in the medium. Depending on the dispersion medium,
the ligands lend stability to particles in two different ways. In an aqueous medium,
coulomb interactions between charged ligand species provide a repulsive force to
counter the attractive van der Waals force between the tiny grains, by forming an
electrical double layer. In an organic medium, the loss of conformational freedom of
the ligands as two particles approach each other and the apparent increase in solute
concentration provide the necessary repulsive force (see Fig. 2.1). Nanocrystals
dispersed in liquids are either charge stabilised or sterically stabilised.

Synthetic schemes are reliant on controlled reduction of dispersed metal salts.
The growth of seeds produced following reduction is interrupted by the introduction
of a capping agent: a ligand that can bind strongly to low or zero valent surface
of nascent crystallites. Reactions typically follow three steps: seeding, growth and
termination brought about by binding with a capping agent. Under near-equilibrium
growth conditions, Ostwald ripening, a process whereby smaller particles dissolve
releasing monomers or ions for consumption by larger particles, tends to widen the
size distribution to about 15%. Tight control over sizes is achieved by employing
high concentrations of the monomers and capping agents, forcing growth to occur
in a transient regime. In practice, seeding, nucleation and termination steps are
often not separable, and hence it is common to start with a mixture of metal salts,
capping agents and a reducing agent. The relative rates of the steps can be altered by
changing parameters such as the concentrations and temperature. This is a popular
trick employed to obtain particulates of different dimensions following the same
reaction scheme.
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Fig. 2.1 Schematic
illustration of two
mechanisms stabilising
nanocrystals in solution: (a)
an electric double layer and
(b) steric stabilisation. In the
former, loss of
conformational freedom of
chain-like ligands provides
stability

2.2 Synthesis of Nanocrystals in the Aqueous Phase

Aqueous solvents were a popular medium for the synthesis of nanocrystallites for
much of the last century [15]. Hydrosols have been produced with a wide range of
reducing agents including common ones such as alcohols, diols, aldehydes, gaseous
hydrogen, metal hydrides, diborane and more exotic agents: carbon monoxide,
tannic acid [16] and tetrakis(hydroxymethyl)phosphonium chloride. There was a
brief of lull in activity in the early noughties, following the discovery of the
so-called injection method of synthesis of semiconductor nanocrystals and the
Brust method(discussed later). However, the ability of aqueous-based methods
to produced shape-controlled nanocrystals as well as potential applications in
biochemistry and medicine has led to a revival of interest in recent times.

2.2.1 Sodium Citrate and Related Reducing Agents

This particularly popular method for the synthesis of Ag and Au nanoparticles was
first reported by Hauser and Lynn [17] and studied extensively by Turkevich [15]
and Frens [18]. Simply adding aq. citrate to a boiling solution of metal chloride
resulted in the production of colloidal sols of metals such as Ag, Au, Pt, Pd, bi-
and tri-metallic alloys as well [19–21]. The citrate ions act as a reducing agent as
well as a capping layer, providing a protective surface covering. The particulates
produced are quasi-spherical with large diameters (> 10 nm). The mechanism of
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this reduction in the context of nanoparticle synthesis has drawn much attention
[22, 23]. Better control over particle dimensions can be exercised by controlling
the speciation of the complex ions and the reducing agent. Practically, this is
accomplished by changing solution pH [22, 24], solvent [22, 25] and order of
addition of the reagents [26]. The use of additional reducing agents such as tannic
acid has proved beneficial to obtaining sub-10 nm nanoparticles, and these methods
have been christened inverse Turkevich method [16, 27]. Recent advances have led
to easy production of sub-10 nm particles of Au and other metals using the citrate
method [26, 27]. Current interest is centred on the lability and versatility of the
citrate surface layer permitting the functionalization of particles with a wide variety
of molecules [28].

2.2.2 Borohydride Reduction

Reduction by borohydride involves the hydrolysis of the borohydride accompanied
by the evolution of hydrogen.

BH�
4 C 2H2O �! BO�

2 C 4H2 (2.1)

Nanocrystals of a variety of metals such as Au, Ag and Pt have since been made
by borohydride reduction [2, 15]. The fast rate of hydrolysis naturally leads to a
certain uncertainty in synthesis and necessitates the use of freshly prepared reagent
for each run. Further, in some cases, boron may be incorporated in the product
[29, 30]. Bönneman and co-workers [31, 32] used triethylborohydrides to avoid the
incorporation of boron and have successfully reduced early transition metals such
as Ti, Zr, V, Nb and Mb in tetrahydrofuran.

2.2.3 Photochemical Synthesis

Light-induced decomposition of a metal complex or the reduction of metal salts by
photogenerated reducing agents such as solvated electrons can be used to prepare
nanocrystal. Henglein, Belloni and their co-workers have pioneered the use of
photolysis and radiolysis for the preparation of nanoscale metals [33, 34]. Metals
highly resistive to reduction such as Cd and Tl have been obtained in colloidal
form by photolysis. PVP-covered Au nanocrystals are produced by the reduction of
HAuCl4 in formamide by UV irradiation [35]. The reaction is free radical mediated,
with the radicals being generated by photodegradation of formamide. Radiolysis of
Ag salts in the presence of polyphosphates produces extremely small clusters that
are stable in solution for several hours. Effective control can be exercised over the
reduction process by controlling the radiation dosage. Radiolysis also provides a
means for the simultaneous generation of a larger number of metal nuclei at the
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start of the reaction, thereby yielding a fine dispersion of nanocrystals. Studies of
the reduction pathways by radiolysis have been carried out [36]. Chaudret and co-
workers have prepared hexadecylamine capped indium nanowires using UV light
and a cyclopentadienyl complex of indium (In(Cp)) [37].

In 2001, Mirkin and co-workers reported the photoinduced conversion of Ag
nanospheres to into distinct nanoprisms [38]. Here, spherical silver particles
prepared borohydride reduction of AgNO3 in the presence of sodium citrate
and subsequently stabilised by bis(p-sulfonatophenyl)phenylphosphine dihydrate
dipotassium were irradiated with a conventional fluorescent light resulting in the
spheres transforming into nanoprisms. This report has since spawned a great
deal of activity, straddling two topical themes: shape-controlled synthesis [3] and
high-quality photochemical tuning [39]. A vivid illustration of the former was
reported by the same group which showed that Ag particulates can be coaxed to
grow anisotropically through selected excitation of the plasmon (see Fig. 2.2) [40].
Multiphase and sophisticated photochemical control over shape-tuned synthesis is
now feasible [41, 42].

2.2.4 Tetrakis(hydroxymethyl)phosphonium Chloride

Tetrakis(hydroxymethyl)phosphonium chloride(THPC) was initially reported in
1921 by Hoffman [43]. Originally unsure, Hoffman later established the accepted
structure and synthesised derivatives [44]. During these investigations, it was
identified that THPC decomposed in the presence of aqueous alkali hydroxides
to form tris(hydroxymethy)phosphine oxide(THPO) as well as formaldehyde and
tris(hydroxymethy)phosphine(THP) (Fig. 2.3) [45, 46].

Duff et al. first proposed, in 1993, using THPC as a reducing agent for the
reduction of metals, with the added role of stabiliser in aqueous medium [47]. This
was developed as a possible replacement for the traditional Faraday synthesis of
gold colloids, which employed diethyl ether solutions of white phosphorous [48].
Using THPC, ultrafine gold colloids containing with a mean diameter between 1 and
4 nm, much smaller than the other methods of that time, were successfully produced
[47, 49–51].

Two decades later, more extensive studies on the action of THPC in the reduction
of metal ions were undertaken [52]. During this study, an overall reaction scheme
was proposed, shedding light on the role played by THPC and formaldehyde
(Fig. 2.3). Using THPC, it is possible to chemically reduce metal salt precursors, in
both aqueous and organic solvents, to successfully obtain metallic nanostructures.
It has been shown that nanostructures of gold, silver, palladium, platinum and
ruthenium as well as bimetallic and tri-metallic nanostructures can be made
[47, 50–56]. Reductions have been carried out in single- and two-phase systems,
where the reducing agent and metal precursor are introduced in separate phases
[57–59].
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Fig. 2.2 Picture illustrating the controlled of growth of Ag nanospheres into nanoprisms. (a)
Schematic diagram of dual-beam excitation set-up used to engineer the growth. (b) The optical
spectra (normalised) for six different-sized nanoprisms (1–6 (approximate) edge length: 38 nm,
50 nm, 62 nm, 72 nm, 95 nm and 120 nm) prepared by varying the primary excitation wavelength
(central wavelength at 450, 490, 520, 550, 650 and 750 nm, respectively; width, 40 nm) coupled
with a secondary wavelength (340 nm; width, 10 nm). (c) The nanoprism edge lengths as a function
of the primary excitation wavelength. d–f TEM images of Ag nanoprisms with average edge
lengths of 38 nm (d), 72 nm (e) and 120 nm (f). Scale bar applies to panels d–f (Figure reproduced
with permission from Ref. [40])

2.2.4.1 Role of THPC in Reductions

THPC (structure I in Fig. 2.3) converts to THPO (structure III in Fig. 2.3) via
THP (structure II in Fig. 2.3) in the presence of hydroxide ions. Formaldehyde
and hydrogen are produced during the process [52]. THPO adsorbs onto the
surface of nanoparticles as a protecting ligand and quenches nanoparticle growth
[56]. Experiments testing the stabilising role of THPC as a ligand, the need for
basic hydroxide conditions to activate the reducing power and the influence of
formaldehyde have been undertaken by Hueso et al.. Using an aqueous solution
of chloroplatinic acid and THPC, it was shown that the reaction did not proceed in
the absence of sodium hydroxide. On the addition of formaldehyde, the reaction
was able to proceed as normal producing well-crystallised Pt nanoparticles of
1.5 nm diameter. This proved that the THPC freely reacts with hydroxide ions
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Fig. 2.3 Proposed reaction scheme for the synthesis of metal nanocrystals using THPC and metal
salts (Figure reproduced with the permission of the Royal Society of Chemistry from Ref. [52])

generating the formaldehyde, in situ, which can then reduce the metal salts [52].
To test the stabilising role that the THPC played, the reaction was performed
in the absence of THPC with formaldehyde employed as the reducing agent. As
expected, the reaction occurred generating nanoparticles of Pt; however without the
THPC present, interparticle growth and aggregation could occur. This leads to large
agglomerates forming as a black precipitate. It was therefore confirmed that THPC
acted as both electrostatic stabiliser and generator of formaldehyde through the
conversion of THPC to THPO [46, 52, 60]. Hydrogen gas is also produced through
the reduction of water by the reaction intermediate (step b in Fig. 2.3). The generated
H2 is then oxidised back to water in the reduction of metal ions [47, 52].

THPC has been utilised in two main methods for the generation of nanoparticles
[50, 59]. In a typical one-phase reaction, a metal salt in solution is added to a stirred
aqueous mixture of sodium hydroxide and THPC. When using chloroauric acid, the
formation of an orange-brown hydrosol of gold nanoparticles of 1–2 nm diameter
is noticed [60]. It has been shown that using this method and employing equimolar
ratios of chloroplatinic acid and chloroauric acid yielded PtAu alloyed nanoparticles
with a mean size of close to 2 nm [52]. Recently Li et al. have utilised THPC in the
presence of .˙/-˛-lipoic acid for the reduction of aqueous CuSO4. THPC produced
the more stable nanoparticles when compared to NaBH4 and N2H4. In efforts to fur-
ther increase the capping by the thiolated ligand, dihydrolipoic acid (DHLA), NaCl
was later added. TEM analysis of the Cu nanoparticles showed an average diameter
of around 1.6 nm [54]. Rao and co-workers have been utilising THPC reduction
of metal ions across the toluene-water interface [57, 58, 62–64]. The formation of
films of nanoparticles occurs at the interface through a diffusion-controlled process,
when metal ions diffusing into the interface interact with reducing agents also in
the interface [63]. In this series of reactions metal, salts dissolved in toluene were
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carefully layered on top of aqueous NaOH; once the layers had stabilised, THPC
was injected into the aqueous phase and reduction proceeded. This method has been
used to synthesise gold, silver, copper and palladium. Bi- and tri-metal nanoparticles
could also be formed by varying the feed ratios of metal ions in the toluene phase
of the reaction [64]. The nanoparticles form as a thin film at the interface which can
then be deposited onto a substrate [57] or formed into sol through the addition of
a suitable ligand exchange [58]. Typically when using Au.PPh3/Cl, the mean Au
nanoparticle diameter after reacting for 24h at room temperature was �9 nm, with
a close-packed arrangement of nanoparticles separated by an interparticle distance
of 1.5 nm. Further studies with Au.PPh3/Cl have shown that higher temperatures
produce larger nanoparticles, 15 nm at 75 ıC [61]. The films produced at elevated
temperatures, and deposited onto glass substrates, possess relatively fewer cracks
and pits than those at cooler temperatures and tend to show higher conductivities
in electrical measurements. Higher concentrations of THPC produced less uniform
films of nanoparticles with a broader range of diameters. Using highly concentrated
precursor, solutions did not affect the distribution of dimensions, merely the quantity
of nanoparticles within the expected size range. Ag nanoparticle films produced
using Ag2.PPh3/4Cl2 or Ag.PPh3/Cl in place of the Au.PPh3/Cl formed highly
lustrous interface films with an average diameter of 10 nm [58]. The monometallic
75 ıC Ag films showed diameters in the range of 60–100 nm through TEM imaging
[64]. When synthesised at room temperature, the Ag films consisted of diameters
in the range of 10–50 nm [58]. XPS analysis of pure Ag shows two different Ag
species: one of the core Ag and one of the surface Ag bound to the ligands. Studies
of silver nanoparticles formed using this method found them to be sensitive to the
contact time, temperature and metal ion concentration [62, 63]. Nanoparticle films
of Au�Ag, generated at 75 ıC, showed an increase from �16 nm to �60 nm with
increasing Ag content, when estimated from XRD peak widths. TEM of the 50:50
bimetal Au�Ag and Au�Cu showed mean diameters of 23.5 nm for Au�Ag and a
range 10–25 nm for Au�Cu (Fig. 2.4).

THPC has thus proven to be a versatile reagent for the generation of a number of
mono- and bimetallic nanocrystallites, with particularly fine dimensions. Given the
current interest in this area, it is anticipated that there would be growing interest in
THPC-based reduction.

2.3 Metal Nanocrystals in Nonaqueous Medium

Developments in the vicinity of the turn of the century have led to the nonaqueous
medium emerging as a powerful alternative. Crucial early reports that helped
established such schemes include the Brust method and the preparation of Fe-Pt
nanocrystals by a combination of reduction and thermolysis in a single pot. In
general, nonaqueous routes provide greater control over the course of the reaction.
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Fig. 2.4 STEM (a) and HRTEM (b) of Au nanoparticles synthesised in the THPC method as a
hydrosol (a) and water-toluene interface (b). The films of nanoparticles formed at the interface
were deposited onto substrates and used directly (Figure adapted from Refs. [52, 61] with
permission from the Royal Society of Chemistry and American Chemical Society. Copyright 2005
American Chemical Society)

2.3.1 Brust Method

A two-phase borohydride reduction-based scheme to prepare Au nanocrystals
reported by Schiffrin and co-workers [65] has emerged as one of the most popular
methods for synthesis of Au nanocrystals [2, 66, 67]. Here, aqueous Au ions are
transferred to a toluene layer using tetraoctylammonium bromide, a phase transfer
catalyst which is also capable of acting as a stabilising agent. The Au complex
now in toluene is reacted with alkanethiols to form polymeric thiolates. Aqueous
borohydride is added to the reaction vessel to effect reduction. The capping action
of the thiols is related to the formation of a crystalline monolayer on the metal
particle surface [68, 69]. The powerful capping action of alkanethiols at metal
particle surfaces prompted Murray [70] to name these particles monolayer-protected
clusters (MPC). In practice, it is possible to dry the dispersion of particulates and
re-disperse the dried form back into liquid by introducing the “solvent”. The length
of the alkyl chain and the concentration of borohydride influence the size of the
nanocrystals. This method has been successfully extended to prepare MPCs of Pt,
Ag and Pd as well [2, 66, 71–73].

2.3.2 Thermolysis Routes

Historically, organometallic routes to metal nanocrystals were employed for the
preparation of ferrofluids [74]. Cobalt particles have been prepared by decompo-
sition of low-valent Co2.CO/8 dicobalt octacarbonyl, in an inert atmosphere, in
the presence of surface ligands [75, 76]. Carbonyl complexes are noted for the
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clean decompositions at high temperatures (over 200 ıC) yielding just the metal
and gaseous CO. This sort of clean break-up is not dissimilar to the needs of
the chemical vapour deposition (CVD)-based process, and indeed initial routes
borrowed heavily from the better established CVD methods. For example, the
Fischer group have prepared Cu nanocrystals by thermolysis of a CVD precur-
sor, ŒCu.OCH.Me/CH2NMe2/2� in both trialkylphosphines and long-chain amines
medium [77].

By carrying out thermolysis reactions in high-boiling solvents in the presence
of capping agents, nanocrystals of various materials are obtained. The critical role
played by surfactants was graphically illustrated in the case of �-Co [78, 79].
Building on previous successes in injection-based organometallic synthesis of CdSe
nanocrystals, Bawendi and co-workers sought to produce Co. They found that in
the presence of tri-n-octylphosphine oxide (TOPO), the reduction of the carbonyl
in a high-boiling solvent butylbenzene, a new and previously unknown phase of
Co, christened �-Co was obtained. This form has lower density, but comparable
magnetic moment as the fcc(˛) and hcp(ˇ) forms. Crucially, in the absence of
TOPO, the fcc form was obtained. Thermal decomposition provides remarkable
control over size and is well suited for scale up to gramme quantities. Indeed,
Hyeon and co-workers have reported the synthesis of gramme-scale quantities of
Fe and Co nanocrystals by thermolysis of metal-oleate complexes in high-boiling
solvents [80, 81]. Decomposition of low-valent organic compounds could also be
brought about by other means. One of the early reports concerns the sonochemical
decomposition of iron pentacarbonyl in the presence of surface capping agents, such
as oleic acid or polyvinylpyrrolidone(PVP) [82].

In the organic phase, reducing agents like lithiumtriethylborohydride (LiBEt3H,
also called superhydride) can be used to mimic the reduction chemistry prevalent
in the aqueous phase. For example, Co chloride in a solvent mixture consisting of
oleic acid and an alkylphosphine Sun and Murray [83] has been reduced to obtain Co
nanocrystals. Here, alkylphosphine serves as a capping agent as well. Liz-Marzan
and co-workers have pioneered the synthesis of a number of nanocrystallites using
dimethylformamaide as reducing agent [84].

2.3.2.1 Bimetallic and Other Systems

As mentioned previously, bimetallic nanocrystals can usually be generated by
employing a mixture of monometallic precursors. Sun and co-workers, in an effort
to create nanocrystals of the magnetic material Fe-Pt, uncovered a whole new
paradigm in the organometallic synthesis of metal nanocrystals [85]. To obtain
suitably alloyed particles, both iron and platinum nuclei need to be generated
simultaneously, presenting a substantial challenge due to the extreme difference
in reduction potential between the two metal ions. Here, platinum acetylacetonate
(Pt.acac/2) was reduced by a long-chain dialcohol (polyol-type process, discussed
later), whilst iron pentacarbonyl was decomposed thermolytically, both in the
presence of oleic acid and a long-chain amine. This elegant combination of
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reduction and thermolysis in a one-pot reaction has sparked huge interest and led to
more advanced synthetic schemes [86, 87]. The original route itself was improved by
replacing iron pentacarbonyl with iron(II) chloride, followed by high-temperature
reduction using superhydride [86]. This modification gave greater control over the
Fe:Pt ratio in nanocrystallites. Other magnetic nanocrystals such as CrPt3 [88] and
CoPt [89] have been obtained following this route. The original report by Sun helped
bring the role of seeding into focus.

2.4 Digestive Ripening

Digestive ripening provides a simple, low-temperature process by which shape,
size and composition of noble metal nanocrystals can be altered by heating in the
presence of a surface active reagent that allows exchange of metal atoms between
metals of differently sized nanoparticles resulting in a more monodisperse product
[10, 90–92]. This process also has an advantage over size separation methods for
gaining a monodisperse sample as the former results in waste material, whereas in
the latter, the total mass of metal atoms is divided into equally sized particulates.

This process was pioneered by Klaubunde and others from the late 1990s. The
mechanistic properties of the process have not fully been uncovered, but a number of
controlled studies have attempted to provide an accurate description for the process
[9, 10, 93–95].

There have been a number of models showing how digestive ripening can
produce a monodisperse product and the process by which two metals may alloy
from a polydisperse binary mixture to a monodispersed alloy colloid [90, 93, 94, 96].
These studies indicate that size and number of particles (concentration) are critical
to obtain size focusing. Experimental results with bulk Au powders appear to agree
with these predictions [96].

Digestive ripening occurs in complete contrast to the better understood phenom-
ena of Ostwald ripening where over a period of time, particle size in a polydisperse
colloid increases as the smaller particles are sacrificed to aid the growth of larger
particles, ultimately leading to a single large particle [91, 93]. The process of
Ostwald ripening is directed by a reduction in interface free energy, producing
fewer particles with the progress of the reaction [94]. Digestive ripening works by a
different mechanism whereby the smallest particles in solution grow at the expense
of the larger particles [90, 91].

The breakdown of larger particles is aided and abetted by a digestive ripening
agent that extracts material from larger particles back into solution to then be used
to grow the smaller particles equally. The process is shown schematically in Fig. 2.5
resulting in a highly ordered superlattice of monodisperse particles. As digestive
ripening is at odds to Ostwald ripening, another factor must be present in the
reaction to counter any reduction in interface free energy and force a resulting
increase in particle number. Of the two potential driving forces, electrostatic and
strain, the latter is thought more likely as in the case of solid particles in a liquid
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Fig. 2.5 Diagram showing
the role of digestive ripening
agent in the process (Figure
reproduced with permission
from [10])

medium; the former is likely to be minuscule [97, 98] In addition to extracting ions
from surfaces, the digestive ripening agents also act as simple surfactants placing
themselves between the solid particles and the liquid phase thereby reducing the
interfacial free energy allowing for easier transfer of metal ions through solution
from the larger particles to the smaller. It has been shown that many various reagents
with different ligand groups can be effectively employed [10, 99–101].

The choice of which surfactant to use in the process of digestive ripening must be
based on the desired size of particle to be attained, as each agent yields particles of
specific dimensions. This is due to a myriad of factors with each ligand influencing
the interfacial free energy to different extent due to steric properties, electrostatic
charges and other energies. The ripening agents can be loosely placed in groups
based on the moiety that has most affinity to the metal being processed, e.g. amine,
silanes and phosphines. These surfactants usually have a highly electronegative
atom or group of atoms with typically a methyl chain. Further, the solvent must
be carefully chosen to help the ripening agent act as a surfactant.

As was mentioned previously, much early work was by Klaubunde et al. where
digestive ripening was demonstrated as a homogenising process for Au and Ag
nanoparticles, turning polydisperse colloids with diameters in the range of 2–40 nm
to monodisperse systems with controlled dimensions between 4 and 5 nm [102].
Much recent attention has been placed on using digestive ripening as a process by
which to alloy noble metal nanoparticles, now the addition of a secondary metal ion.
Such modification may throw up issues that were not present when ripening just one
metal. As such metals of a similar composure are typically used to minimise these
problems, things are made simpler if just one digestive ripening agent/surfactant
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can be used or similar experimental conditions such as temperature and solvent are
utilised for the two metals [9, 90, 93, 97].

The introduction of two digestive ripening agents has not had as much attention.
The use of more than one may result in size-focused particles, but with the
possibility of two or more distinct populations, the process could completely fail in
its aim to reduce polydispersity. When mixing two metals in solution and employing
the digestive ripening technique to produce an alloy, it has often been found that
a small or negligible reduction of particle sizes is often found over the whole
sample population, this points to the proposed mechanism of surfactants reducing
the interfacial tensions of the largest particles in the sample, releasing small atomic
clusters or ions into solution to attach to smaller particles growing on the established
crystal structures [90, 103]. The overall reduction in size points to a total increase in
number of particles. The optical properties of the produced alloy particles can easily
be monitored by UV/Vis during the reaction, as it has been seen that over the length
of the procedure, two discrete absorption peaks for each metal will shift towards
each other and integrate into one peak when the process of alloying is complete
[90, 97].

SEM and TEM images of particles produced in this method provide data of
average sizes of a large sample population, these particles are often formed into
superlattices of regular distribution partially due to the monodispersity. These
images are also of importance when working with alloys or core/shell morphologies,
as it can be seen the alloys tend to have excellent atomic ordering within the particle
with no areas of contrasting density [90, 93, 103]. This points to the uniform mixing
of atomic-level components throughout all particles.

Size focusing, digestive ripening or inverse Ostwald ripening has thus allowed for
precisely controlled production of a range of noble metal and other metal particles
and their corresponding alloys. Adopting a variety of metals and digestive ripening
agents, this method has shown that it is possible to create monodisperse nanoparticle
populations of a set size and can conceivably also provide routes for synthesising
other metal particles.

2.5 Nanostructures with Structural Anisotropy
and High-Energy Facets

The past decade has seen rapid growth in routes to anisotropic nanostructures, par-
ticularly nanorods of precious metals such as Au and Ag [104–106]. Facets of such
nanostructures are nearly always made up of open, high-index planes [3, 107, 108].
In the conventional crystal growth scheme, the high-index planes naturally grow
to extinction; however, the nature of anisotropic nanocrystals requires that certain
facets consist of open planes. The mechanisms underpinning anisotropic growth
remain unclear despite a burgeoning portfolio of synthetic schemes. Clearly, kinetic
control and engineering of the growth process are important. The current schemes
are mainly based in aqueous solvents with the polyol method (discussed later) being
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Fig. 2.6 The absorption spectra of Au nanorods of different aspect ratios by varying the
growth temperature. The temperatures are indicated. The length of the nanorods increases from
approximately 21 to 35 nm at the rate of 3.5 nm/ıC. Simultaneously, the diameter of the rods
increases starting from approximately 21 at the rate of 3.5 nm/ıC (Reproduced with permission
from [117]. Copyright 2017 American Chemical Society)

the main nonaqueous route. Fervent effort is currently underway to uncover growth
mechanisms and to devise reliable routes. For example, there is much excitement
surrounding recent success in synthesising gramme-scale quantities of nanorods
[109] and other shapes [110]. The main methods of anisotropic growth include
seed-mediated growth, selective etching of certain facets by foreign ions (halides)
and growth in anisotropic templates. Some of these schemes produce nanorods and
other anisotropic structures by oriented attachments of nanocrystals [111].

Nanorods of Au and other anisotropic structures possess a number of attractive
features with potential applications in areas such as sensing, imaging, medicine,
electronics, spectroscopy and data storage [112]. For example, spherical Au par-
ticulates exhibit a single peak due to surface plasmon resonance, but nanorods
with two different axes (the longitudinal and transverse) exhibit two distinct
plasmon resonances (see Fig. 2.6). The position of the longitudinal plasmon band
is influenced by the aspect ratio of the nanorod [113, 114]. In addition to exciting
applications, the plasmon band provides a quick and easy probe to ascertain the
characteristics of nanorods. The ends of nanorods have a chemistry distinct from
the other parts, permitting selective reactions at the ends including ones aimed at
directing self-assembly [115, 116].

The history of seed-mediated methods can be traced all the way back to
Zsigmondy’s efforts in 1917 [118]. Current methods involve the separation of
nucleation and growth steps, often involving two distinct reaction schemes. Hence,
great control can be exercised over the growth including the use of seeds of one
metal to grow anisotropic structure of a different metal. The revival of interest in
this area has been aided to a great deal by efforts of the Murphy group [104, 105].
Topical studies repeatedly emphasise that subtle variations in the growth conditions
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Fig. 2.7 SEM (top) and TEM (bottom) images of the Au nanorods synthesised at different
temperatures. The scale bar corresponds to 100 nm (Reproduced with permission from [117].
Copyright 2017 American Chemical Society)

such as pH, temperature [117] and concentrations can impart dramatic differences
in anisotropy of the product (see Fig. 2.7) [97, 98, 104, 108].

Underpotential deposition is an important process that underpins the formation
of nanostructures with high-index facets and anisotropic structures [107, 108]. This
process has been well studied in the case of noble metal surfaces and electrodes
[119]. Here, a layer of a metal such as Ni is deposited on the surface of another
(say Pd) at significantly lower potential than the bulk reduction. This is primarily
because the initial Pd-Ni bond can in some circumstances be stronger than Ni-Ni
bonds. Surfaces decorated with adlayers can slow or in some cases completely
stop growing. Underpotential deposition upsets the delicate balance of growth
rates that result in isotropic forms. In some cases, the adlayers may act as trigger
points for easy nucleation of the other metal facilitating energetically favourable
heterogeneous nucleation. The latter is the likely case for the seeded growth of core-
shell particulates.

Isotropic evolution of morphology may also be interrupted by oxidative etching
[107]. Surface atoms can be oxidised and potentially redispersed in solution by
oxidative etchants such as Br�, Fe 3C, O2/Cl and NH4OH/H2O2. For example, Pd
nanorods have been obtained by a kinetically controlled growth scheme mediated
by etching Br� ions [120].

2.5.1 Silver Nanowires Synthesised by the Polyol Process

The polyol process is a well-documented process for producing finely divided
particles of noble and related metals and was pioneered by Fievet et al: in the late
1980s [121–124]. In early studies, particles of Co, Ni, Cu, Au, Ag and their alloys
in the size range of 100 nm to a few microns have been obtained by this method
[125, 126]. Here, ethylene glycol is used as both the solvent in which the metal
salts and other precursors are dissolved and as the reducing agent in the system
[127, 128]. The glycol permits the use of temperatures as high as 190 ıC. This
higher temperature than aqueous systems allows for noble metal structures to be
formed. Polyvinylpyrrolidone(PVP) is often used to protect the crystallites. This is
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Fig. 2.8 Diagram showing
how PVP preferentially
protects the (100) crystal face
of Ag nanowires (Reproduced
with permission of the
American Chemical Society
from [124]. Copyright 2007
American Chemical Society)

particularly important in the case of magnetic particulates to prevent aggregation
(Fig. 2.8).

It is now believed that ethylene glycol degrades under heat to yield glycoaldehyde
which reduces the metal salts. In early experiments, it was thought that in situ
generated acetaldehyde was the reducing agent as diacetyl was detected in the final
solution [121, 122, 129, 130]. This is likely true in this case but is probably a side
product from the initial reduction of the cobalt and nickel hydroxide precursors used,
promoting acetaldehyde production from the presence of as formed hydroxide ions.
As such it is now thought that glycoaldehyde is a common in situ reducing agent
alongside EG itself responsible for many polyol syntheses of Ag nanostructures
[123, 124, 129].

Controlled growth in these conditions occur in either in three steps in a one-pot
reaction or in two steps when using pre-synthesised seeds on which to grow. In
the case of a one-pot synthesis, the reaction starts with the metal salt/salts being
reduced to form small clusters from metal atoms and ions, secondly these nuclei
or small clusters will become seeds with defined crystal structures and faces that
can be monitored, and thirdly the seeds will be directed to grow in certain planes
giving distinct morphologies [124, 131]. At each step, there is a combination of
thermodynamic and kinetic factors that must be considered, and any slight change in
any one factor can result in particles of different shapes being formed. The formation
of specific shapes or morphologies from this method is not fully understood due to
the lack of experimental tools available to show the mechanism of seed formation
from small atomic clusters or ions in situ [124, 131, 132].

The use of seeds is common for this method where near to monodisperse seeds
are made prior in a separate reaction and then added into the polyol system to
provide a crystalline structure with defined crystal faces on which to grow with
further in situ produced small atomic clusters and ions [128, 131, 133, 134]. These
pre-synthesised seeds do not necessarily need to be of the same metal of as the
desired product but do form a constituent part of the final particles [128, 134].
Commonly used seeds for the process of forming silver nanowires are Ag, Cu or
Pt and are made in relatively easy syntheses with high control over dispersity.
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Copper and Pt reagents are commonly added to the reaction and have been found
to not only act as seeds but also to facilitate and increase the rate of the reaction.
The work of Korte et al. describes the oxygen-scavenging properties of added CuCl
or CuCl2 in the polyol process whereby CuC is reduced by the solvent and reducing
agent EG to its Cu2C state. The Cu2C then scavenges any adsorbed oxygen from
the (111) face of the silver oxidising to CuC. The EG can keep reducing the CuC
back to Cu2C providing a constant etching of oxygen from the Ag surface allowing
the nanowires to grow faster [135]. The addition of Fe species has been studied in a
similar way to CuCl and CuCl2 as way of etching adsorbed oxygen from the (111)
face of silver due to the (100) face being protected by PVP or other surfactant. It
is not required that pre-synthesised seeds or oxygen-scavenging reagents are used
but they can greatly increase the yield and reduce the dispersity of the product [133,
136, 137].

Due to the sensitivity of this reaction to multiple variables, temperature of the
reaction must be tightly controlled to try and limit variations in the shape and
size of the produced particles. Reports detail a drop-by-drop addition of reagents
to the reaction vessel, so as to not dramatically reduce the overall temperature of the
reaction. Typical injection rates vary between 1 and 50 ml/hr in an attempt to keep
the reaction balanced between thermodynamic and kinetic forces [138]. It has been
demonstrated that changing the reaction temperature by 5–10 ıC affects the shape,
size and dispersity of the obtained particles [128, 138]. A highly monodisperse
product is often desired and is obtainable by using slow injection to mitigate
temperature drop [132].

In a typical reaction, as a first step, a portion of EG is heated to the reaction
temperature. In the case of Ag nanorod synthesis, this tends to be around 160–
170 ıC, but for metals with higher reduction potentials, higher temperatures up
to 190 ıC can be accessed with ethylene glycol. The reflux apparatus is set up to
ensure minimal evaporation of solvent over the reaction time. The solvent helps to
elevate temperature for a whilst prior to adding additional reagents [124, 136, 137].
Some reports have had success with adding in the PVP at this early stage, whereas
others inject the PVP solution simultaneously with the metal salt solutions. In the
second step, low concentrations (or lower than that of PVP concentration) of metal
precursors in EG are added dropwise to the heated reaction vessel. The introduction
of the salt such as AgNO3 dropwise yields AgC ions that condense to form small
nuclei with as yet undefined crystal structure. The seeds are capable of acquiring
different bulk-like close-packed forms depending on the reaction conditions and the
energetics of certain structures. It is has been suggested that the nanowire structures
can only form from seeds with a multiply twinned decahedral structure rather than
just a single-crystal fcc structure, so this ability for the small nuclei to form and
remove such defects in situ is important for this process [133]. As the nuclei grow,
they become irrevocably attached to a certain crystal structure as the energy required
to convert to another form is too costly. These can now be considered seeds for
further crystal growth as their structure will not now change [124, 131, 139].

The next stage of crystal growth involves the structures growing mostly in just
one dimension to form the nanowires; an important part in this stage is the presence
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of PVP. It is understood that PVP is a capping agent in this process and will
preferentially bind to any (100) facets of Ag over the (111) facets which are left
bare and this is where the next crystal growth occurs with AgC ions binding to
the ends and conforming to the defined crystal structure from the seed particle
[131, 140, 141]. This process is understood to progress by Ostwald ripening with
larger ready formed particles growing at the expense of smaller nuclei particles and
free metal ions [128, 134, 138]. The presence of PVP as mentioned before allows
the silver crystals to grow in just on dimension [132].

The reaction is often said to be monitored by colour, where upon initial addition
of AgNO3 the solution turns slightly yellow, indicating the production of small silver
nanocrystal seeds. As the reaction continues, the solution should turn more to a grey-
silver colour and over the reaction time will become more thick, wispy and turbid,
which is the accepted visual confirmation of the formation of nanowires [136–138].
The reaction is often left at reaction temperature for around an hour after all reagents
have been added; as the final stage progresses by Ostwald ripening, this just allows
more time for the nanowires to form [131].

Some reports indicate a product yield of 90–95% nanowires, but this often
involves the use of pre-synthesised seeds, with slightly lower yields having been
gained from methods that do not use seeds. A common technique for separating the
nanowires from any other formed nanocrystals is by centrifugation, as the nanowires
are much harder to disperse in solvents such as acetone and ethanol than any much
smaller nanocrystals formed in this reaction, the supernatant can be removed after
centrifugation removing any extraneous ions, reactants and unwanted nanocrystals
[137, 138, 142].

2.6 Conclusions

These are clearly exciting times for nanomaterial synthesis. The ability to synthesize
high-quality materials with great control over size, shape, composition and struc-
tural properties is promising to usher in the next generation of applications. The
evermore sophisticated schemes though are not underpinned by an understanding
of the underlying mechanism. We await clarity in this regard. We envisage that
progress in this area will continue to be driven by curiosity as well as motivated
by real world applications of which there are plenty.
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