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Samuel E. Lohse

1 Size and shape control of metal nanoparticles
in millifluidic reactors

Abstract: Engineered metal nanoparticles (metal NPs) possess unique size-depen-
dent optical and electronic properties that could enable new applications in biome-
dicine, energy generation, microelectronics, micro-optics, and catalysis. For metal
NPs to make a mark in these fields, however, new synthetic strategies must be
developed that permit NP synthesis on the kilogram scale, while maintaining precise
control over NP physiochemical properties (size, shape, composition, and surface
chemistry). Currently, NP batch syntheses produce product on the milligram scale
and rely on synthetic strategies that are not readily amenable to scale-up. Flow
reactor systems (including lab-on-a-chip devices) provide a synthesis platform that
can circumvent many of the traditional limitations of batch-scale NP syntheses.
These reactors provide more uniform reagent mixing, more uniform heat transfer,
opportunities to interface in situ monitoring technology, and allow product yield to
be scaled up simply by running multiple reactors in parallel. While many NP synth-
eses have been successfully transferred to microfluidic reactor systems, microfluidic
reactor fabrication is time intensive and typically requires sophisticated lithography
facilities. Consequently, millifluidic flow reactors (reactors with channel dimensions
of 0.5–10.0mm) are gaining popularity in NP synthesis. These millifluidic reactors
provide many of the same synthetic advantages as microfluidic devices, but are
simpler to construct, easier to reconfigure, and more straightforward to interface
with in situ monitoring techniques. In this chapter, we will discuss the progress that
has been made in developing millifluidic reactors for functionalized metal NP synth-
esis. First, we will review the basic wet-chemical strategies used to control metal NP
size and shape in batch reactors. We will then survey some of the basic principles of
millifluidic device design, construction, and operation. We will also discuss the
potential for incorporating in situ monitoring for quality control during synthesis.
We will conclude by highlighting some particularly relevant examples of millifluidic
metal NP synthesis that have set new standards for metal NP size, shape, and surface
chemistry control.

This article has previously been published in the journal Physical Sciences Reviews. Please cite as:
Lohse, S. E. Size and shape control of metal nanoparticles in millifluidic reactors. Physical
Sciences Reviews [Online] 2018, 3. DOI: 10.1515/psr-2017-0120

https://doi.org/10.1515/9783110345100-001



Graphical Abstract:

Keywords: nanomaterials, millifluidic synthesis, flow synthesis, nanoparticle,
microreactor

1.1 Introduction

The past few decades have brought sustained interest in the size-dependent electro-
nic, optical, catalytic, and biomedical applications of engineeredmetal nanoparticles
(NPs with crystalline cores composed of one or more metallic elements) [1–8].
Engineered metal NPs are now components of thousands of consumer products
that exploit their unique properties. Demand for nanotechnology-enhanced consu-
mer products (e. g. Li-Ni-Co battery materials for electric cars) is only expected to
grow in the coming years [9–13]. Nevertheless, controlled and reproducible metal NP
synthesis, particularly at or above the gram scale, remains a challenge [2–4, 12–15].
Despite several decades of extensive research into the synthesis of metal NPs, most
functionalized metal NPs are still prepared using low-yield (milligram-scale) syn-
thetic methods, which are not readily amenable to scale-up [15]. For nanotechnology
to truly achieve industrial relevance, kilogram-scale quantities of metal NPs with
precisely controlled physiochemical properties (size, shape, composition, and sur-
face chemistry) will be required (Figure 1.1) [2–4, 12, 13] [14, 15].

While scaling up many chemical reactions seems conceptually simple, increas-
ing the scale of a typical metal NP synthesis represents a chemical engineering
challenge [12–16]. The size and shape of a metal NP produced during synthesis is
generally controlled though a carefully selected (and often synergistic) combination
of reagent concentrations, pH, reaction temperature, and reaction time. Therefore,
increasing reactant concentration in the reactionmixture (or even the total volume of
the reaction) may significantly alter the rates of reagent diffusion and thermal trans-
port, leading to loss of control over product properties [12–16]. Because increasing
reagent concentration or reactor size typically leads to reduced product quality,
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many researchers have instead taken the opposite approach, miniaturizing NP
syntheses by transferring them to flow reactors [14–16]. In a flow reactor, reagent
streams are mixed on extremely small (sub-millilitre) scales, but through continuous
reactor operation, or running multiple reactors in parallel, engineered NPs can
actually be prepared on above the gram scale, without losing control over NP
physiochemical properties [12–20].

In addition to a viable route to scale-up, nanomaterial synthesis in flow reactors
has recently shown the potential to provide superior control of NP size and shape and
improved reproducibility compared to batch synthesis methods [12–16, 20–28]. As a
result, NP synthesis using flow reactors has piqued the interest of many nanotech-
nology researchers. A general movement towards flow synthesis, however, particu-
larly in academic research settings, has been relatively slow. Chemists have a certain
bias towards batch reactor synthesis. From their earliest chemistry laboratory experi-
ences, most chemists become used to running chemical reactions in flasks. Despite
the comforting familiarity of batch synthesis techniques, chemical synthesis in flow
reactors (e. g. microfluidic synthesis devices, lab-on-a-chip (LOC) devices) or capil-
lary flow reactors) has already become the industry standard for all kinds of reagent-
grade chemicals, both organic and inorganic [12, 13] [14–19]. Flow reactors are
typically equipped with much smaller reaction channels (micron scale) than batch
reactors (a typical 250 mL round-bottom flask has a mixing diameter of ~70mm).
Reduced channel dimensions allow for much more rapid reagent mixing during
synthesis, more efficient heat transport, as well as the opportunity to interface in-
line monitoring for quality control purposes [12–20, 29–33]. Therefore, flow synthesis
provides a platform that facilitates high-throughput synthesis with less wasted

Surface charge●
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●

●

●

Optical and Electronic
Properties

Core composition

Surface Chemistry

Core Size and Shape
Optical and Electronic PropertiesCatalytic Properties Catalytic Properties

Ligand organization
Ligand-core bond

●

●

Figure 1.1: Schematic diagram of a “typical” engineered metal NP. The size and shape-dependent
optical and electronic properties of themetal NPs result from the size, shape, and composition of the
metal core. Organic capping agents (ligands) are bound to the surface of the metal core, providing
the interface through which the NP interacts with its environment.
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material and a facile engineering strategy for reaction scale-up. LOC systems have
been particularly widely investigated in this regard; over the past decade, micro-
fluidic reactors have been employed in the synthesis of quantumdots, metal NPs, and
polymeric NPs with a wide variety of sizes and shapes [20,–28].

One of the best-known automated high-throughput microfluidic NP synthesis
reactor systems is Workstation for Automated Nanomaterials Discovery and Analysis
(WANDA), available at Berkeley National Laboratories, which was developed and
made available to users early this past decade[20]. WANDA is a fully automated
synthesis reactor, with in situ absorption and photoluminescence in situ monitoring
capabilities for real-time NP characterization. WANDA employs amicrofluidic mixing
system, which ultimately deposits completed NP solutions into a 96-well plate reader
for high-throughput characterization. WANDA has been used for the synthesis of
various inorganic nanocrystals, including cadmium selenide quantum dots and
upconverting luminescent sodium yttrium fluoride (NaYF4) NPs [20]. The extensive
automation of the WANDA system has been shown to provide exceptionally high
reproducibility in the synthesized core diameters of the NPs (0.2% coefficient of
variation in dcore from batch to batch). This system also shows great promise as a tool
for NP synthetic method development, as the effect of simple reaction parameters
(such as reagent concentration, reaction time, and temperature) on NP core diameter
can be quickly quantified. By combining high-throughput synthesis with high-
throughput characterization, WANDA provides a platform to quickly and easily
optimize synthetic NP methods, including the development of quantitative models
and working curves to guide precisely controlled NP synthesis methods. This reactor
system has led to the development of high-quality, photobleaching-resistant NaYF4
NPs (available in a variety of core shapes) that have recently been used in single-
molecule biotracking studies [20, 34, 35].

While the benefits of automated synthesis reactors like WANDA are obvious,
the development of such finely engineered NP synthesis reactors requires extensive
initial investment (both in money and in time) to achieve the level of automation
necessary for such precisely controlled NP synthesis [11, 16, 29]. Even the design
and fabrication of relatively simple microfluidic reactor systems (for our purposes,
we will define microfluidic devices as reactors with channel dimensions smaller
than 500 µm) for NP synthesis is expensive, and may be beyond the means or
expertise of many smaller NP research laboratories. Buying pre-fabricated micro-
fluidic chips is always an option, but even relatively simple pre-fabricated micro-
fluidic devices are expensive [29]. Even a very rudimentary microfluidic device
composed of a common polymer and generic mixer geometry may cost upwards
of $100 per chip [29, 36]. Furthermore, microfluidic NP reactor systems remain
relatively low throughput (on a per-device basis), and the materials comprising the
reactor must be carefully selected to avoid NP aggregation and subsequent reactor
fouling during synthesis [11, 16, 29]. If a pre-fabricatedmicrofluidic device fouls, the
entire reactor chip must be discarded, and a brand-new chip must be fabricated or
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purchased. Consequently, a new option for NP flow synthesis, millifluidic (also
called “capillary flow” or “mesofluidic”) reactors, possessing channel dimensions
of 0.50–10.0mm, are increasing in popularity because they provide many of the
advantages of a microfluidic reactor system while reducing fabrication time and
cost [11, 15, 16, 29, 31, 37, 38].

Millifluidic reactors encompass a variety of synthetic reactor designs, with the
primary point of commonality being that the width of the fluid channels is on the
millimetre, rather than the micron scale [11, 15, 16]. While this means that mixing
rates and heat transfer in millifluidic reactors are typically measurably slower than
they would be in microfluidic reactors, millifluidic reactors offer improved conve-
nience in other key areas. First, millifluidic reactors can often be assembled from
commercially available tubing or capillary components, and thus, the reactors are
highly modular. They can be re-designed on the fly to support the synthesis of a
variety of different NPs, since they do not need to be pre-fabricated. Similarly, if
reactor fouling occurs, often only a single commercially available piece of the
reactor (such as a polytetrafluoroethylene (PTFE) t-mixer) needs to be replaced,
rather than discarding a whole reactor chip. Some millifluidic devices do contain
pre-fabricated chips, but since the reaction channels are larger than a microfluidic
device, fabrication of a millifluidic chip is typically more straightforward [11, 15,
16, 29]. The basic design of a millifluidic reactor is easy to envisage, as they consist
of only four fundamental parts: reagent stock lines, a mixer, connecting tubing,
and a collection vessel. The millifluidic reactor can also easily be interfaced with a
wide variety of in situ characterization methods, including absorbance spectro-
scopy, fluorescence spectroscopy, X-ray absorbance spectroscopy (XAS) and
small-angle X-ray scattering (SAXS) [11, 15, 16, 29, 39]. Often, the in situ character-
ization interface is even simpler to achieve in a millifluidic reactor than a micro-
fluidic device, due to the millifluidic channel’s larger diameters [11, 39]. While a
millifluidic reactor may be driven by something as simple as a peristaltic pump,
most millifluidic systems are typically driven by syringe pumps and may feature
mixing geometries that enable segmented-flow operation. A “typical” millifluidic
reactor is diagrammed in Figure 1.2.

Table 1.1 provides a quantitative comparison of the physical dimensions and
performance specifications of a typical millifluidic reactor (0.760mm channel dia-
meter, 4.5m in length), compared to a batch reactor (250 mL round-bottomed flask,
RBF), and a microfluidic reactor (0.250mm channel diameter, 532mm length). The
millifluidic reactor and microfluidic device, in this case, have mixing diameters that
are on the same order of magnitude. While the surface area: volume ratio of the
microfluidic device is larger than the millifluidic device (by about 3-fold), both have
greater than 100× the surface area:volume ratios of a batch reactor. This leads to
faster mixing and faster heat dissipation in flow reactors. Perhaps most powerfully,
all flow reactors provide an opportunity to interface in situ monitoring with the
reactor, at specific residence times, providing a means to monitor NP product quality
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in real time, resulting in less wasted solutions, and a viable strategy for high-
throughput synthesis optimization [11–16, 29, 37].

Examples of NP flow synthesis can be identified at least as far back as 2002, and
the use of small-channel reactors for more efficient chemical synthesis has been
reported since the early 1990s; however, millifluidic reactors have only recently
beenwidely embraced as an alternative to batch synthesis in the NP synthesis com-
munity (Figure 1.3). Within the NP synthesis community, a formal distinction

Growth Reagent A

Growth Reagent B

Growth Reagent C

Mixer

Observation Cell
(in situ Monitoring)

NP Product

Residence Time (tr)

Figure 1.2: Diagram of a characteristic millifluidic NP synthesis reactor.

Table 1.1: Comparing the mixing properties of batch, millifluidic, and microfluidic reactors.

Batch reactor Millifluidic reactor Microfluidic reactor

Mixing dimensions (mm) 76 0.760 0.250
Surface area/volume (mm−1) 0.0792 5.30 16.0
Reactor material Pyrex glass PTFE tubing, capillary

tubing
PDMS, polycarbonate,
glass

Mixing type Vortex stirring Laminar flow, segmented
flow

Laminar flow,
segmented flow,
turbulent mixing

Fluid throughput (mL/min) – 60.0 0.150
In situ monitoring none Absorbance spectroscopy,

fluorescence spectroscopy,
SAXS, XAS

Absorbance
spectroscopy,
fluorescence
spectroscopy

Surface area:volume ratio based on a 250 mL RBF (76mm diameter), millifluidic reactor with interior
diameter (ID): 0.760mm, channel length: 4,500mm; microfluidic reactor with ID: 0.250mm, channel
length: 532mm. PTFE, polytetrafluoroethylene; PDMS, polydimethylsiloxane.
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between microfluidic and millifluidic reactors has not truly been drawn, although
arguments can be made that significant changes in fluid mixing behaviour occur
between channel dimensions of <500 µm and >500 µm [11, 16, 37]. For the purposes of
this chapter, we will consider any reactor with reaction channel diameters between
0.500mm and 10.00mm to be “millifluidic” reactors, but we do note that among the
reactors highlighted in this chapter, some are classified by their developers as
“mesofluidic ” or “capillary flow ” reactors [11, 16, 37]. Partially due to the lack of a
hard-and-fast technical distinction between microfluidic and millifluidic systems,
whilemany reviews onmicrofluidic NP or general reviews of NP flow synthesis can be
found, no comprehensive treatment of millifluidic synthesis yet exists (to our knowl-
edge) [11, 15, 16]. Indeed, a 2018 database search for “Nanoparticle Millifluidic
Synthesis” returns only 18 total results [40]. Despite this, millifluidic NP synthesis,
as a field, has generated significant research interest, as evidenced by the fact that
many of the most prominent metal NP synthesis researchers have experimented with
millifluidic synthesis in the past few years. This research has already led to several
notable examples ofmillifluidic reactors providing access to precise and reproducible
NP size and surface chemistry control that have yet to be realized in either batch
synthesis or microfluidic NP synthesis (Figure 1.3) [37, 41]. Because effective milli-
fluidic reactors can be assembled from low-cost, modular components, NP synthesis
inmillifluidic environments is now open to an unprecedented number of researchers,
and the millifluidic synthesis field is poised to expand significantly in the coming
years. We hope that this review will provide a compelling and comprehensive entry
point into the millifluidic synthesis field for researchers looking to design their own
reactors for NP synthesis.

In this chapter, we will provide a detailed review of the key strategies used to
achieve size and shape control in the millifluidic syntheses of metal NPs. For the

2002 2006 2010 2014 2017

Figure 1.3: Timeline of selected accomplishments in NP flow synthesis.
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purposes of this chapter, we will focus primarily on noble metal NPs (Ag, Au, Pt, and
PdNPs), as the flow synthesis of these metal NPs has generally received the most
research attention [11, 37–39, 41, 43, 44]. We will make references to the synthesis of
other transition metal NPs where appropriate, but we would recommend that inter-
ested readers consult the reviews listed here for a deeper perspective on the synthesis
of other functionalized metal NPs [45–49]. We will start with the basic strategies for
NP size, shape, and surface chemistry control used in batch synthesis, followed by a
review of the general approaches to millifluidic reactor design and construction. We
will next highlight some recent advancements in basic reactor design, specifically the
design of continuous versus segmented-flow reactors. We will also survey the various
types of engineered NPs that have been successfully synthesized in millifluidic
reactor systems, paying special attention to cases in which significant advances in
NP size, shape, composition, or surface chemistry control have been achieved versus
batch synthesis. We will also delineate the types of instrumental techniques that
have been incorporated into millifluidic reactors for in situ product monitoring. We
will conclude by drawing attention to some of the most pressing challenges that
millifluidic NP synthesis faces as a field.

1.2 Batch metal nanoparticle synthesis in solution

1.2.1 General strategies in size control for functionalized metal NP synthesis

Metal NPs can be synthesized in batch using a diverse array of synthetic procedures;
however, wet-chemical synthesis based on metal ion reduction reactions is now the
most common synthetic approach [45–49][50] [51] [52] [53–56]. Traditional metal NP
syntheses (dating back several decades) include synthesis by vapour deposition,
templated electroplating, reduction by hydrogen gas, and physical milling methods
[45, 55, 56] [57–59]. For most metal NPs, wet-chemical syntheses offer improved
convenience, faster reactions, and improved physiochemical property control.
Today, wet-chemical synthesis methods are available for a wide array of metal NPs,
including Cu, Ag, Au, Pt, Pd, Ir, Co, and FeNPs (among others) [45–50] [51–64].
Anisotropic (non-spherical), bimetallic, and core-shell metal NPs can also be pre-
pared for most metals by relatively straightforward solution chemistry [52–60, 64,
65]. Most of these wet-chemical syntheses involve the same basic chemical process;
an ionic compound of the desired metal (such as HAuCl4, H2PdCl4, or Fe(CO)x) is
dissolved in an appropriate solvent, and then reduced in the presence of a capping
agent (a passivating organic molecule, polymer, or ligand) to give the metal NPs [45,
51, 60, 64]. The general form of these synthetic schemes is shown in Figure 1.4. These
wet-chemical batch procedures are typically adapted with minimal modification for
synthesis in flow reactors [11, 22, 37].

The exact chemical strategy used in a wet-chemical metal NP synthesis primar-
ily depends on two factors: which metal element forms the NP core and the desired

8 1 Size and shape control of metal nanoparticles in millifluidic reactors



size or shape of the metal NP (although the surface chemistry of the NP is also an
important point of consideration in synthetic design) [45, 51, 55, 64]. The reduction
of themetal ion precursor is accomplished by the addition of a reducing agent (such
as sodium borohydride or ascorbic acid), thermal decomposition of reactants, or
irradiation with UV light [45, 49, 55, 64, 65]. Following the reduction of the metal
ion to metal atoms, the formation of the NP is then thought to occur through an
analogous process to LaMer ’s colloidal sulfur growth model: nucleation (formation
of a small metal NP crystal from metal atoms), monomer growth (addition of metal
atoms to the crystalline nuclei), and finally, passivation (cessation of crystal growth
either due to exhausting the growth monomer or formation of a small molecule
organic layer on the crystal’s surface) [45, 59, 60, 66–69]. While many wet-chemical
metal NP synthesis strategies were ultimately developed through extensive empiri-
cal testing, the synthetic strategies used for shape control are generally rationalized
by analogy to the LaMer mechanism. In truth, metal NP growth probably occurs by
a mixture of multiple possible growth pathways in a single synthesis (e. g. the
aggregation of nuclei may provide an alternate growth pathway to NP growth by
monomer addition) [68, 70]. Spherical and anisotropic (non-spherical) metal NP
syntheses can be achieved through relatively similar procedures, but anisotropic
NPs are synthesized via spatial/temporal separation of nucleation and monomer
growth (“seeded growth ”), the use of milder reducing agents, or the use of specific
capping agents [45, 54, 55, 59].

The choices of the ionic compound and the reducing agent to begin the NP
synthesis are primarily governed by the relative reduction potentials of the metal
NP and the reducing agent [45, 54, 55, 59]. For noble metal NPs, the ionic precursor
(e. g. HAuCl4, AgNO3, or Pt(acac)2) is reduced to the native metal using heat, light, or
a mild reducing agent (such as sodium borohydride). Stronger reducing agents (for
the purposes of nanomaterials synthesis, NaBH4 is typically considered a “strong”
reducing agent) tend to give rise to smaller spherical NPs, while milder reducing
agents (such as ascorbic acid or hydroquinone) are used in the synthesis of larger
spheres or anisotropic NPs [45, [54], 59, [71]. The growth of the metal core is then
terminated by the formation of the capping agent layer (sometimes called the ligand
shell) on the particle surface [45]. Capping agents are organic molecules that either

MX4-

MX4-
NaBH4

Reducing Agent

Metal NPCapping AgentIonic Metal Precursor

MX4-

MX4-

MX4-

+

Figure 1.4: Basic reaction scheme for the synthesis of metal NPs.
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chemically bind or electrostatically adsorb to the metal core, forming a layer of
organic molecules that prevent further monomer addition to the metal core.
A surprisingly small number of organic molecules have been shown to be effective
capping agents for a wide variety of metal core materials. For instance, citrate,
cetyltrimethyl ammonium bromide (CTAB), polyvinlypyrrolidone (PVP), tetraoctyl
ammonium bromide, oleic acid, oleyl amine, functionalized thiols, and sodium
dodecyl sulfate can be used as capping agents for many metal NPs, including Au,
Pd, Pt, and Ag [45, 51, 55]. However, a judicious choice of capping agent can
significantly improve NP stability, i. e. by matching the characteristic binding of the
capping agent to the metal surface [41, 45, 49, 73, 74]. For instance, functionalized
thiols (R-SH) form semi-covalent bonds to the surface of gold NPs and organize into a
self-assembled monolayer on the AuNP surface. [41, 45, 72–74] The presence of this
monolayer renders the thiol-stabilized AuNPs more stable than AuNPs stabilized
with labile, electrostatically adsorbed capping agents, such as citrate or CTAB.
Thiol-stabilized AuNPs also provide a useful platform for post-synthetic modification
of the ligand shell through typical organic chemistry reactions (e. g. amide coupling
or click chemistry) [41, 73, 74].

Size control in metal NP synthesis is generally achieved using the following
synthetic parameters: capping agent: metal ratio, reductant:metal ratio, reaction
temperature, and pH [37, 45, 53, 75–78]. Increasing the concentration of the redu-
cing agent compared to the metal precursor concentration is thought to favour NP
nucleation over monomer growth, leading to the formation of smaller NPs [45, 53,
55, 79, 80]. Increasing the concentration of the capping agent relative to the metal
precursor increases the rate of passivation relative to monomer growth, again
leading to smaller particles [45, 53, 55, 79, 80]. Increasing the temperature at
which the synthesis is performed favours larger particles. This can be rationalized
in a number of ways (particle ripening, rapid aggregation of the nuclei, or deso-
rption of the capping agent from the particle surface), depending on the synthesis
[66, 69, 70, 75, 76, 78]. pH is a synthetic parameter whose importance has only
become fully appreciated relatively recently [37, 45, 78]. The pH of the reaction
mixture may affect several mechanistic factors, including metal precursor specia-
tion, reduction potentials, and the protonation state of the capping agent. Because
the solution pH interacts synergistically with so many other reaction parameters,
the pH effect on NP core diameter (dcore) is highly reaction-specific. The effects of
these reaction parameters on NP core diameter are summarized in Figure 1.5.

Among metal NPs, the synthesis of spherical gold NPs is possibly the most
widely studied synthetic method, and a tremendous variety of syntheses have been
established that provide very tight control over both the size of the NP core and the
AuNP surface chemistry. AuNPs with specific core diameters between 0.8 and 200
nm can be synthesized with sub-nanometre resolution in the dcore for AuNPs with
sizes <10.0 nm and 5–10 nm resolution in core diameter for AuNPs >50 nm in
diameter [3, 45, 79, 80]. AuNPs are typically synthesized through one of two classes
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of synthetic methods: direct synthesis (such as the Brust–Schiffrin method) or a
ligand-exchange method [73, 74, 79, 80][81]. In direct synthesis, the AuNPs are
synthesized by the reduction of an ionic gold precursor (such as HAuCl4) by sodium
borohydride in the presence of the chosen ω-functionalized thiol [79–81]. The NP
core size in this case is controlled by the reductant:Au molar ratio, the thiol: Au
molar ratio, and the pH of the reaction mixture. Using direct syntheses, spherical
gold NPs with core diameters between 2.0 and 8.0 nm possessing a well-defined
surface chemistry can easily be prepared. To synthesize AuNPs smaller than 2.0
nm, or larger than 8.0 nm in diameter, a ligand-exchange synthesis is typically
employed [73, 74]. The synthesis of AuNPs using ligand-exchange techniques is a
multi-step synthetic process. In the first step, a AuNP of the desired core diameter
(but stabilized with a labile ligand such as citrate, CTAB, or functionalized
phosphines) is synthesized. After the initial AuNPs are purified, the labile ligand
is exchanged for a covalently bound functionalized thiol [73, 74, 82, 83]. While
a complete and detailed description of all the experimental procedures used
to synthesize spherical metal NPs is beyond the scope of this chapter, we do
highlight below synthetic procedures for the synthesis of thiol-stabilized AuNPs
(dcore 2.0–8.0 nm) and ultra-small Cu nanoclusters that will be highly relevant to
the later discussion of size control in millifluidic synthesis.

1.2.2 Synthesis of thiol-stabilized spherical AuNPs using Bunte salts
(alkylthiosulfates) as thiol precursors [37, 41]

Materials. All materials were obtained from their respective suppliers and were used as
received: hydrogen tetrachloroaurate hydrate (Strem, Massachusettes, USA), 2-[2-(2-
chloroethoxy)-ethoxy]ethanol 99% (Aldrich), sodium thiosulfate (Sigma Aldrich, USA),
and sodium borohydride (Aldrich, 98%). Nanopure deionized water was used for the
preparation of stock solutions and as a solvent for NP synthesis. Absolute ethanol was

↑ Capping Agent: Metal
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Effect of Synthetic Reaction Paremeters on Metal NP dcore
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Figure 1.5: Spherical metal NP core diameter is controlled primarily through four basic reaction
parameters during synthesis: capping agent:metal, reducing agent:metal, temperature, and pH.
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prepared by distillation. The Bunte salt of 2-[2-(2-mercaptoethoxy)-ethoxy]ethanol was
synthesized by combining 2-[2-(2-chloroethoxy)-ethoxy]ethanol (2.0 g) with sodium
thiosulfate (0.80 molar equivalents) in a 50:50 mixture of absolute ethanol and water,
thenheating at reflux for 3 h. The crude Bunte salt was purified by trituration in ethanol.

Direct synthesis of thiol-stabilized gold nanoparticles. Gold NP synthesis reactions
were carried out in aqua regia-cleaned 250 mL round-bottomed flasks. In the flask,
HAuCl4 (0.1mmol) was combined with the mercaptoethoxy-ethoxy-ethanol (MEEE)
Bunte salt ligand precursor in 125 mL of water, turning the solution from pale yellow
to colourless or brown, depending on the ligand:gold ratio. The reaction mixture was
stirred for 10 min before an aqueous solution of 0.01M of ice-cold sodium borohy-
dridewas added to the reactionmixture. The preciseMEEE BS:Au:NaBH4 ratio varied,
depending on the desired size of the product AuNP. This sodium borohydride addi-
tion immediately induced a colour change to deep red or deep brown, depending on
the final AuNP core diameter. The crude particle solutions were then left to stir for an
additional 3 h. Each crude NP solution was purified by diafiltering the crude AuNP
solution with 20 volume equivalents of nanopure deionized water to remove the
excess free ligand precursor (10 kDa membrane pore size).

1.2.3 Synthesis of sub-1.0 nm Cu nanoclusters [84]

Aqueous solutions of copper (II) nitrate and O-[2-(3-mercaptopropionylamino)ethyl]-
O’-methylpolyethylene glycol (5,000 Mw) were combined in the reaction vessel.
To this solution, an aqueous solution of sodium borohydride (pH = 13) was added.
The NP growth reaction was quenched by the addition of excess ethanol.

1.2.4 General strategies for anisotropicmetal NP shape control

Unlike the synthesis of spherical metal NPs, the formation of anisotropic metal NPs
(rod-shaped, polyhedral, cubic, prismatic, or star-shaped metal NPs) typically
requires slower growth kinetics, lower metal monomer concentrations, and milder
reducing agents. Wet-chemical synthetic methods for producing anisotropic metal
NPs have become relatively ubiquitous in the past decade, and examples of well-
defined synthetic strategies for metal NPs with cores of Ag, Au, Pt, Pd, Rh, Ir, Fe, and
others can all be found [[47, 50, 53–56, 60, 62, 63, 75–77][78, 85–87]]. The synthesis of
anisotropic metal NPs can again be accomplished through a variety of methods
(including solvothermal methods, templated electrochemical deposition, and UV
light irradiation). In recent years, however, seeded growth approaches have become
the most common synthetic route to anisotropic metal NPs [47, 50, 53–56, 60, 62, 63,
75–78, 85–88]. In a seeded growth approach, a small “seed” NP (often a metal NP
with a core diameter of 2 nm or less) is synthesized first, and then a small aliquot of
these seed NPs is added to a new growth solution containing a specially chosen
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capping agent (surfactants, such as CTAB, are often chosen for this role), a low
concentration of the metal growth monomer, and a mild reducing agent (such as
ascorbic acid) [55, 56, 64, 75, 76, 88]. The anisotropic metal NPs are then grown from
the seeds, and over a growth period ranging from several hours to a day, anisotropic
metal NPs form in the growth solution (Figure 1.6). The exact shape of the product
NP is the result of synergistic interactions of surfactant concentration, monomer
concentration, reducing agent concentration, and the solution pH[53, 78]. Probably
the most extensively studied seeded growth syntheses are the methods that produce
low-aspect ratio gold nanorods (AuNRs), discovered independently (but nearly
simultaneously) between 2002 and 2004 by Murphy, Mulvaney, El-Sayed, and others
[53, 88–90].

The silver-assisted seeded growth synthesis of AuNRs provides an accessible and
well-studied example of both the advantages and limitations of a “typical” metal
NP batch synthesis [55, 78, 88]. This synthesis begins with the preparation of a
“seed” gold NP solution (~1.5 nm in diameter), which is accomplished via the
reduction of HAuCl4 in the presence of CTAB by the addition of aqueous sodium
borohydride. After the NP seeds form, the seed solution is aged for nearly 50 min,
and a small aliquot of the seed solution is then added to a growth solution, where
the AuNRs grow from the seed particles. The growth solution contains CTAB,
hydrogen tetrachloroaurate, silver nitrate, and ascorbic acid. The ascorbic acid
reduces the Au(III) ion to Au(I), which is a suitable monomer for slow AuNP
formation (although monomer addition will only occur in the presence of the
seed particle under these synthesis conditions). This synthesis provides excep-
tional control over AuNR length, readily yielding AuNRs with precisely controlled

(CTAB) 1.5 nm seed

+

0.00025 M HAuCl4
0.1 M CTAB

Seed Solution
(aged 50 min)

AuNR Solution

HAuCl4 NaBH4

Growth Solution
0.00025 M HAuCl4

0.1 M CTAB
AgNO3 (variable)

0.00025 M Ascorbic Acid

Figure 1.6: Silver-assisted seeded growth synthesis of low-aspect ratio AuNRs. A typical example of
achieving metal NP shape control through seeded growth.
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aspect ratios (rod length/rod width) between 1.5 and 4.5 [53, 78]. The aspect ratio of
the rods is controlled by changing the concentration of AgNO3 in the growth
solution (Figure 1.6). This synthesis is quite versatile and can also be modified to
produce other anisotropic AuNP shapes, including prisms, plates, and cubes [53].
Despite the utility of this method for AuNP shape control, this seeded growth
approach also illustrates many of the typical drawbacks of metal NP batch synth-
eses [87]. In this method, only 15% of the initial Au(III) is converted to AuNRs,
which leads to an average yield of ~ 7mg AuNR/100.0 mL reaction solution [78, 88].
This means that the batch reaction would have to be performed nearly 150 times (on
the 100 mL scale) to produce 1.0 g of AuNRs, and the potential for scale-up is quite
limited, if precise control of the AuNR aspect ratio is required.

Although recent modifications have provided a means to extend the range of
available AuNR aspect ratios that this seeded growth approach provides, attempts
to translate this general approach to a gram-scale batch synthesis for AuNRs
have met with limited success [71, 78, 91]. Jana demonstrated a gram-scale synth-
esis for AuNRs in 2005, but increasing the concentration of the reagents used
in the nanorod growth solution quickly encouraged the formation of an insoluble
Au–Br–CTA+ complex. This reduced the homogeneity of the reaction mixture,
making concentration gradients less uniform within the reaction mixture, and
therefore increasing polydispersity in the products at the gram scale [91]. Zubarev
also recently developed a modified seeded growth synthesis that requires the slow,
mediated addition of an excess of ascorbic acid to increase the synthetic yield and
produce a very monodisperse AuNR product (aspect ratio polydispersity ~3%) at
the gram scale [71]. However, the increased ascorbic acid required in the synthesis
favours the formation of AuNRs with large transverse diameters (~ 25.0 nm). This
limits the overall synthetic control over AuNR dimensions. Representative TEM
images of both spherical and anisotropic metal NPs are shown in Figure 1.7.

Anisotropic platinum and palladium NPs can also be prepared by analogous
seeded growth techniques [60, 62, 76]. Unlike the synthesis of anisotropic AuNPs,

A B C D E

Figure 1.7: Representative TEM images of metal NPs with various core compositions, sizes, and
shapes. (A) 5 nm AuNPs [scale bar 20 nm], (B) 40 nm AuNPs [scale bar 200 nm], (C) gold nanorods
[scale bar 20 nm], (D) silver nanowires [scale bar 10 µm], and (E) palladium nanocubes [scale bar 20
nm] (B, D, and E, reproduced 2018 with permission from references 43, 112, and 38, respectively.
Copyright 2014, 2012, and 2014, respectively).Credits: Sam Lohse, References 43, 38, and 112
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which are primarily performed in aqueous solutions, anisotropic Pt or PdNPs are
often grown in solutions of an appropriate surfactant (such as PVP, TWEEN, or CTAB)
dissolved in alcohol. For instance, Wang et al. demonstrated that palladium tetra-
hedra and cuboctahedra could be synthesized using cuboctahedral Pd seeds dis-
persed in polyol solutions of PVP, where the final morphology of the product is then
controlled by the choice of the palladium growth monomer (Figure 1.8) [76], 92]. The
use of Pd(acac)2 as the growth monomer leads to the formation of Pd nano-tetrahe-
dra, while the use of Na2PdCl4 leads to the formation of Pd nano-octahedra. The
difference in the final NP shape is attributed to the difference in reduction kinetics
between the two palladium precursors. Multi-metal NPs, such as gold nano-octopods
or concave AuNPs coated with Pd patches, can also be prepared by these types of
seeded growth methods (Figure 1.9) [74].

As with the gold octopods above, metal NPs can be then overcoated with a variety of
inorganic shells, including silica shells, gold or silver, or even metal patches, using
metal overgrowth steps or galvanic replacement reactions [55, 75, 93, 94]. In
principle, any of these wet-chemical methods can be transferred to a millifluidic
platform with sufficient care. As we shall see, the primary limitations in converting
these batch synthesis methods to flow synthesis methods are material compatibility
issues (e. g. reactor materials that limit synthesis temperature), controlled solution
feeds, and the ability to provide sufficient residence time in the reactor for aniso-
tropic growth to be completed. Nevertheless, even extremely sophisticated seeded
growth (and overgrowth) methods can be successfully adapted for flow synthesis
reactors. The basic procedures for several seeded growth syntheses are described
below. Again, due to the varied nature of anisotropic metal NP synthesis by seeded
growth, we will provide a detailed description of only a few common anisotropic

Na2PdCl4 {100}

{111}

Polyol

PVP

Pd seed
Pd(acac)2

Figure 1.8: Seeded growth synthesis of palladium octahedra and tetrahedra (Reproduced 2018 with
permission from reference 92. Copyright 2015, American Chemical Society).
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metal NP synthesis below: the seeded growth of AuNRs and Au@Pd core-shell NPs.
These synthetic procedures will be relevant to the later discussion of shape control
in millifluidic reactors.

1.2.5 Silver-assisted seeded growth synthesis of gold nanorods with aspect ratios
(1.5–4.0) [78]

Materials. All reagents and solvents were obtained from their respective suppliers
and used as received: hydrogen tetrachloroaurate trihydrate (Sigma-Aldrich, USA),
cetyl trimethyl ammonium bromide (CTAB, Sigma), silver nitrate (Sigma-Aldrich),
sodium borohydride (Sigma-Aldrich), and l-ascorbic acid (Sigma). Nanopure deio-
nizedwater was prepared using a Barnstead Nanopure filtration system andwas used
for the preparation of all stock solutions. CTAB stock solutions were briefly immersed
in a lukewarm water bath (~ 35 °C) to ensure complete CTAB dissolution, and then
returned to room temperature.

1.5 nmAuNP seed synthesis. 500µL of a 0.01MHAuCl4 aqueous solution was added
to 9.5mL of 0.1M CTAB (aqueous). The solution was stirred vigorously with an aqua
regia-cleaned stir bar. 600µL of ice-cold aqueous sodium borohydride (0.01M) was
then added to solution, which turned pale brown, indicating the formation of gold NPs
smaller than 2.0nm. The seed solution was aged for 50min prior to initiating the
synthesis of AuNRs.

Au Cores

(111)

1:0.01 to 1:0.5 Au:Pd

500 nm

200 nm

1:1 Au:Pd

Au/Pd Octopods

<111>

<111>

Concave Au@Pd
Nanocrystals

(100)

Higher pH, faster growth
{111} Overgrowth

Lower pH, slower growth
{110} Pd Localization

Au Cores

Figure 1.9: Synthesis of bimetallic octapods and concave bimetallic NPs can also be accomplished
using seeded growth syntheses (Reproduced 2018 with permission from reference 75. Copyright
2011 American Chemical Society).
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Gold nanorod synthesis. A growth solution was prepared by combining 9.5mL of
aqueous 0.1M CTAB with 250 µL of 0.01M aqueous HAuCl4 and variable volumes of
0.01M aqueous AgNO3 between (between 20–100 µL) in a 15 mL centrifuge tube. This
produced a pale orange solution. 55 µL of 0.1M aqueous ascorbic acid was added to the
growth solution. After the addition of the ascorbic acid, the centrifuge tube was capped
and inverted several times, at which point the solution turned clear and colourless.
Next, 12 µL of the seed solution was added to the growth solution and the tube was
inverted gently to mix. After ~2 h, the growth solution turned pale green or brown,
depending on the aspect ratio of the AuNRs. The growth solution was then left to stand
for 24 h. At this time, the AuNRs were purified by centrifugation and washing with
deionized water (2×, 11,000 rcf).

1.2.6 Au@Pd nanocube seeded growth [45]

Materials. Gold(III) chloride trihydrate (HAuCl4•3H2O), sodium borohydride
(NaBH4), sodium citrate, cetyltrimethyl ammonium chloride, palladium (II)
chloride, and methanol were obtained from Sigma. BioUltra CTAB was obtained
from Sigma Aldrich (USA). Bio Xtra L-ascorbic acid was obtained from Sigma
Aldrich (USA). Hydrochloric acid and chloroform were purchased from Macron
(Pennsylvania, USA). Milli-Q deionized nanopure water was used in all synth-
esis steps that required aqueous solutions. Silicone oil was purchased from
Sigma (USA).

Synthesis of Au nanocubes. AuNP seeds were synthesized by combining 0.25
mL of 10mM of gold(III) chloride with 7.5 mL of 0.100M CTAB in a 30 mL
conical vial. 0.600 mL of freshly prepared 10mM NaBH4 was added to this
solution to form the AuNP seeds. The seed solution was mixed by inversion
for 2 min before being placed in a 25 °C oil bath for 1 h. The AuNP seed solution
was then diluted 10-fold. A growth solution was prepared in a separate conical
vial, by combining 0.20 mL of 10mM gold chloride solution with 8 mL of water,
and 1.6 mL of 100mM CTAB, followed by 0.95 mL of 100mM ascorbic acid, and
mixing by inversion. 5 µL of the diluted Au seed solution was then added to the
growth solution, which was mixed by inversion, and also placed in the 25 °C oil
bath. The Au nanocubes were purified by centrifugation after 15 min of growth
time. The purified nanocubes were then mixed with an aqueous solution of 10
mM H2PdCl4 for palladium overgrowth.

Synthesis of Au octahedra. In a conical reaction vial, 1.5 mL of 100mM CTAB, 8.2
mL of water, 0.25 mL of 10mM of gold (III) chloride, and 0.05 mL of 100mM sodium
citrate were combined andmixed by inversion. The vial was placed in a 110 °C oil bath
and left to stand for 24 h. Au octahedra were then collected by centrifugation and
washing. The purified nanocubes were then mixed with an aqueous solution of 10
mM H2PdCl4 for palladium overgrowth.
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1.3 Reactor construction

1.3.1 Basic design elements of millifluidic reactors

Millifluidic synthesis systems are generally more accessible to NP synthesis research-
ers than microfluidic devices, because millifluidic reactors can be designed and
assembled modularly from existing components [11, 16, 37, 38]. This is a more appeal-
ing option to many researchers than microfluidic devices, which must be pre-fabri-
cated in chips using lithography facilities, due to their micron-scale dimensions.
Indeed, millifluidic reactors have assembled a diverse array of materials, including
pre-fabricated polydimethylsiloxane chips (with millimetre-scale reaction channels),
commercially available TYGON or poly Teflon (PTFE) tubing, glass capillaries, and
polycarbonate mixers, all components that can be purchased from many laboratory
supply catalogues [37, 38, 84, 95, 96]. Several commercial suppliers now offer milli-
fluidic chips or entire millifluidic reactors that are suitable for metal NP synthesis [97].
Of course, any reactor design also leaves room for customization to improve reactor
performance; many millifluidic systems incorporate custom-made mixers or observa-
tion cells. As a result, the cost and preparation time needed to assemble a millifluidic
reactor is typically greatly reduced compared to a microfluidic (or particularly a
nanofluidic) device, which are generally fabricated as integrated devices, with the
mixing zones and main reactor channels built into the device itself. Where a micro-
fluidic device typically requires a clean room and dedicated fabrication facility, a
millifluidic device can be assembled right on the laboratory bench top [11, 16].
Furthermore, because millifluidic reactors are generally modular devices, they can
be re-designed or re-assembled as needed, in the event of reactor fouling or when the
reactor needs to be re-purposed. In contrast, an LOC device needs to be entirely
replaced in case of reactor fouling [11, 16]. In the millifluidic channel size range
(>500µm), fluid mixing is typically quite rapid (1–1,000 ms, depending on channel
dimensions and flow rate). In principle, millifluidic devices provide comparable con-
trol of NP physiochemical properties to microfluidic devices, but provide greater
versatility in point-of-use reactor design [97]. As a result of this freedom to create
and design modular reactors to suit specific needs, many millifluidic reactors look
almost nothing alike, even if they are designed for the same type of NP synthesis
(Figure 1.10).

Millifluidic reactors designed for metal NP synthesis come in all shapes and sizes,
depending on their chosen purposes, and the resources available to their designer [37,
38, 43, 84, 95–100]. These reactors spanned a wide range of complexity in their design
and construction. We have previously assembled a very “bare bones” model milli-
fluidic reactor for the synthesis of functionalized gold NPs, which was constructed
entirely from materials that would be available in most undergraduate chemistry
laboratories (Tygon tubing, polycarbonate y-mixers, driven by a peristaltic pump)
[42]. Despite its relatively humble components (Figure 1.10C), this reactor was capable
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of producing both spherical and anisotropic gold NPs on the gram scale. The use of a
peristaltic pump is not appropriate for the large-scale synthesis of many NPs; however,
due to variations in mixing rates within a given run, so the applications of this style of
reactor are limited. McKenzie et al. designed a significantly more sophisticated milli-
fluidic reactor using a programmable syringe pump, fluorinated ethylene (FEP) tubing,
and PTFE mixers, which has been successfully used in the high-throughput synthesis
of many functionalized spherical gold NPs (Figure 1.10A) [37, 39, 41]. Zhang et al.
developed a segmented-flow reactor for the synthesis of anisotropic Pd, Au, AgNPs,
and core-shell NPs, constructed using PTFE tubing and silica capillary t-mixers (i.d. =
1.58mm) [38]. Segmented-flow tubular reactors have also been used for the synthesis
of a variety of catalytic metal NPs [101–104]. Still other millifluidic reactors have been
prepared as pre-fabricated chips orwith custom-fabricatedmixing components [11, 16].
A summary of some significant reactor designs is given in Table 1.2.
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Seed Solution/
Reducing Agent
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Figure 1.10: Some representativemillifluidic reactor designs. (A) Capillary flow in FEP tubing driven by
syringe pumps. (B) Custom-fabricated PTFE mixer. (C) TYGON tubing driven by a peristaltic pump.
(A, B, and C reproduced 2018 with permission from references 37, 99, and 43 respectively. Copyright
2015, 2011, and 2014 American Chemical Society).
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Despite the diversity of fabrication options when constructing a millifluidic
reactor, most millifluidic reactors share the same fundamental design features.
Millifluidic reactors consist of reagent reservoirs, a mixer, various lengths of reactor
channel tubing (to control the residence time, tr, the amount of time the NPs grow
within the reactor), and often an observation cell (to facilitate real-timemonitoring of
product quality). The basic components of a millifluidic reactor are shown in Figure
1.2 (vide supra). The mixers of millifluidic reactors range from the simple (commer-
cially available continuous-flow T- or Y-mixers) to the complex (segmented-flow
mixers, which are designed to mix immiscible solvents or inert gases with the
reagent stream) [37, 38, 44]. As with the mixer, the observation cell choice ranges
from commercially available options (a simple flow-through quartz cuvette) to
custom-made Teflon cells with multiple observation ports (designed to allow
users to monitor the reaction using multiple instrumental techniques simulta-
neously) [37, 38]. Other ancillary components are generally required to ensure
that the reactor functions effectively. Check valves are particularly common to
ensure uniform fluid flow across all the available reactor channels and prevent
the build-up of back pressure within the device [11, 37]. Last, it should be noted that
effective control of reagent stream mixing is vital to achieve adequate NP physio-
chemical property control in a millifluidic synthesis environment. The mixing
dynamics of millifluidic reactors may be significantly different than microfluidic

Table 1.2: Some representative millifluidic reactor design elements.

Authors NP
synthesized

Reactor construction Mixer style In Situ
monitoring

Elliott et al. [37] Spherical
AuNPs

FEP tubing and PTFE mixer,
syringe pump

Continuous-flow
t-mixer

Simultaneous
UV-vis/SAXS

Lohse et al. [43] Spherical and
rod-shaped
AuNPs

Polycarbonate mixer,
TYGON tubing, peristaltic
pump

Continuous-flow
Y-mixer

UV-vis

Krishna et al. [111] Spherical and
anisotropic
AuNPs

Pre-purchased millifluidic
chip, syringe pump

Continuous-flow
Y-mixer

XAS

Gottesman et al. [112] AgNWs PTFE tubing, furnace,
syringe pump

Continuous flow None

Biswas et al. [84] Spherical
CuNPs

PMMA millifluidic chip Continuous-flow
snake mixer

XAS

Zhang et al. [38] Anisotropic
Au and PdNPs

Silica capillary mixers,
PTFE tubing

Segmented-
flow, successive
t-mixers

None

Knauer et al. [105] Ag
nanoprisms

PTFE tubing, syringe
pumps

Segmented-
flow, T-junction
PEEK

None

20 1 Size and shape control of metal nanoparticles in millifluidic reactors



devices, and careful thought should be given to selecting a mixer system and
geometry. A detailed discussion of fluid mixing is beyond the scope of this chapter,
but we would recommend that readers consult the following reviews on reactor
construction and fluid mixing [14, 15][16][17, 18, 104].

1.3.2 Continuous-flow reactor systems

The default running state for most millifluidic devices is a continuous-flow mode, in
which multiple reagent streams mix by diffusion. Depending on the flow rate of the
reagent streams, most reactors that run in a continuous-flow mode mix by diffusion
under laminar flow (Reynolds number <2,000) [11, 16, 37, 43]. Continuous-flow
devices are the still the most common type of millifluidic reactor, because they are
extremely simple to design and operate. Single-phase fluid flow through a standard
t-mixer or Y-mixer produces effective laminar mixing. This is typically sufficient to
achieve reasonably complete mixing on a 1–1,000 ms time scale, and this rapid
mixing can lead to improved product quality (particularly more reproducible control
of NP physiochemical properties) compared to batch synthesis. Elliott et al. showed
that in the synthesis of gold NPs, laminar mixing in a T-junction leads to a reduction
of AuNP core diameter dispersity from ~12% when synthesized in a round-bottomed
flask to 2% core diameter dispersity in AuNP synthesis on a sample-to-sample basis
in a continuous-flow reactor (Figure 1.10A, Figure 1.11A,C) [37]. In this reactor, the
reagent mixing time was determined to be ~ 1 ms (at 60 mL/min flow rate), with
AuNPs having clearly formed after only 150 ms [37]. Despite this substantial improve-
ment in mixing time compared to the corresponding batch synthesis, mixing by
diffusion across the reactor channel is still not instantaneous, and fluid contact
with the walls of the channel can lead to a minor (but still significant) spread of
residence times among NPs grown in continuous-flow reactors [11, 16, 33]. In order to
minimize the residence time spreads, and improve mixing so that it is as rapid and
uniform as possible, more sophisticated mixers are being experimented with that
could potentially achieve turbulent flow mixing in millifluidic devices [11, 16].
Alternatively, segmented-flow reactors can be used to minimize the residence
time spread that growing particles experience while travelling through the reactor
channels [11, 33].

The primary disadvantage to metal NP synthesis in a continuous-flow reactor is
that synthesis under these conditions will ultimately lead to reactor fouling (a build-up
of adsorbed metal on the channel walls, which can clog the reactor). Continuous-flow
reactors allow for significant contact between the reaction solvent and the channel
walls, leading to the deposition of partially formed NPs along the reactor
channels during synthesis [11, 14–16, 37, 43, 104]. Ultimately, these deposits build up
(particularly at the reactor’s mixer), creating a solid plug which clogs the reactor. This
type of reactor fouling can be mitigated by judicious choices in reactor and tubing
material, as well as operating parameters. In addition, there have been several
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instances reported where continuous-flow reactors have been operated for extended
time periods with no channel fouling. Nevertheless, reactor fouling will eventually
occur in any continuous-flow reactor that is operated for extended periods, provided
the reaction mixture is making contact with the channel walls. [11, 14–16, 37, 43, 104]
In order to minimize reactor fouling, an alternative fluid flow setup (segmented flow)
can be used to minimize the contact between the reaction mixture and the reactor
channel walls.

1.3.3 Construction of a continuous-flow millifluidic reactor [37]

A continuous-flow reactor for the synthesis of aqueous solutions of gold NPs was
constructed from the following components: FEP tubing (i.d. = 0.030 in), PTFE
t-mixers (i.d. = 0.020 in), fittings, ferrules, and 15 psig check valves (IDEX Health
and Science). Three syringe pumps (three-way distribution valves, Versa 6, 48k
model, Kloehn) were used to drive reactor flow. Two PTFE t-mixers were used for
reagent mixing, and the 15 psig check valves were utilized between the syringe
outlets and the t-mixer inlets. The overall flow rate was set to 60 mL/min for AuNP
synthesis. 4.5 total meters of FEP tubing was placed after the second t-mixer to give

- aqueous reagent stream

- immiscible carrier fluid

A C

DB

- reactant mixture
- NP microbubble reactor

- aqueous reagent stream

- developing NP solution

Figure 1.11: Basic reactor geometries for millifluidic devices. (A) Continuous flow. (B) Segmented flow.
(C) Example geometry of a continuous-flow millifluidic reactor for AuNP synthesis. (D) Segmented-
flow reactor design for AgNP synthesis (C, D reproduced 2018 with permission from references 37 and
105, respectively. Copyright 2015, 2012 American Chemical Society).
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the system an overall residence time of ~2 s at 60mL/min. A custom-machined Teflon
observation cell with orthogonal ports for absorbance spectroscopy fibre optics and
mica windows (for SAXS analysis) was placed at various distances from the down-
stream t-mixer junction to observe the AuNP solution at various residence times.
Used t-mixers were cleaned with dilute aqua regia following AuNP synthesis. After
exiting the reactor, AuNP solution was collected in clean, dry centrifuge tubes.

1.3.4 Segmented-flow reactor systems

Segmented-flow reactor systems involve mixing systems that generate microliter
bubbles to serve as individual microscale reactors within the reactor channels
[33, 38, 44]. Segmented flow is typically achieved by mixing the reagent streams
necessary for NP synthesis with immiscible liquids or carrier gases that ideally
separate the reaction mixture into microscale bubbles in which the reaction can
occur (Figure 1.11B,C). Running reactions in segmented flow reduces the residence
time spread of particles within the microbubbles by minimizing their interactions
with the reactor channel walls, leading to moremonodisperse core size and shapes in
the NP product. Superior mixing rates are also sometimes observed in segmented
flow, due to convective mixing within the microreactor bubbles [33]. The trade-off is
that while the microbubbles more or less form spontaneously when the immiscible
fluids are mixed, segmented-flow reactors require more sophisticated mixer design
and construction to ensure that the microbubbles possess as uniform a size and
shape as possible; if the microbubbles show significant polydispersity in size, the
resulting particles may still show meaningful core size dispersity [11, 33].

Segmented-flow mixers in millifluidic systems typically generate microbubbles
using two relatedmixing strategies, in which reagent streams are either flown together
with an immiscible carrier liquid, or flown together with an inert carrier gas [11, 16, 33].
The result of this mixing process is that individual reactor bubbles are separated from
each other and from the reactor channel walls by a barrier of immiscible fluid. In
principle, this type of segmented flow can be achieved simply by flowing two separate
reagent streams together in the presence of an additional stream containing the
immiscible carrier fluid. In some cases, segmented flow can be achieved simply by
using a three-way mixer with three input streams. Ideally, the dimensions of the
resulting microreactor bubbles are on the microliter scale, but reactor bubbles this
small can be difficult to achieve in millifluidic systems [11, 38]. One barrier to segmen-
ted millifluidic flow systems has been that reactor slugs in a millifluidic system may
form on the millilitre volume scale. If the reactor slugs are on this volume scale, the
spread of residence times that NPs experience between the leading edge of the slug and
the trailing edge can still be considerable, and mixing is less effective [11, 16]. As a
result, recent research in this area has focused on designingmore sophisticatedmixers
which will provide microliter-scale bubbles in segmented-flow millifluidic systems.
Recent research into segmented-flowmillifluidicmixing has already yielded promising

1.3 Reactor construction 23



results. Knauer et al., among others, recently demonstrated that slug volumes with
microliter-scale dimensions could be produced using simple t-mixers, butmicroreactor
volume remains a crucial parameter for NP synthesis in segmented-flow reactors, and
this is an area that will require further study to maximize millifluidic segmented-flow
reactor performance [101–105].

A particular class of segmented-flow reactor, the segmented-flow tubular reactor
(SFTR) has shown promise for synthesizing functionalized metal NPs above the gram
scale [101–104]. These reactors allow for non-aqueous, segmented-flow mixing with
minimized fluid contact with the container walls and have been successfully used to
synthesize catalytic nickel, silver, ultrafine semiconductor NPs, and anisotropic
metal NPs. Unlike many millifluidic reactors which are driven by syringe pumps
with a finite volume, a typical SFTR allows for hours or continuous operation with
closely regulated segmented flow driven by HPLC pumps. Metal NP production up to
10 g NP/h can easily be realized within these systems.

1.3.5 Construction of a segmented-flow reactor for Au@Pd core-shell NP synthesis
[44]

Four syringes (KD Scientific Inc., Massachusetts, USA), driven by four different
syringe pumps were connected to PTFE tubing (i.d. = 1.58mm) through silica
capillaries, which were attached to the tubing by epoxy resin. The four silica
capillaries met at the injector site within a 5 ft length of 5.8mm i.d. PTFE tubing,
which was placed in an oil bath held at 110 °C. The total flow rate through the
system was 0.7 mL/h, which ensured that the growth solution passing through the
tubing experienced 2 h of residence time in the oil bath.

1.3.6 Controlling NP size and shape through reactor operation parameters

Adapting metal NP synthesis for use in flow reactors provides additional avenues to
influence the size and shape of the product NPs compared to batch synthesis. In
addition to analogous batch synthesis parameters (e. g. reductant:metal ratio, capping
agent: metal ratio, pH, and temperature), NP size and shape can be controlled in flow
using flow rate and residence time [11, 16, 84, 95, 100]. Flow rate influences the size of
the NPs produced in the reactor because the flow rate influences the Reynolds number,
and therefore the rate at which the multiple reagent streams diffuse into one another
during laminar flow mixing. Generally, the higher the flow rate, the higher the
Reynolds number (given a constant channel diameter), and the faster the two reagent
streams will diffuse into one another [16, 37, 84, 95, 100]. A number of researchers have
briefly explored the influence of flow rate on particle size and core diameter dispersity,
but only a handful of researchers have undertaken detailed studies to determine
exactly how flow rates influence NP size in millifluidic reactors [37, 84, 95, 100].

24 1 Size and shape control of metal nanoparticles in millifluidic reactors



Jun et al. explored the effect of millifluidic flow rate on AuNP core diameter in a
millifluidic reactor. In this synthesis, ascorbic acid was used as both the reductant
and the capping agent, and the NP dcore was determined by in situ SAXS [99].
They found that flow rate and residence time acted in concert to determine the final
NP size. At extremely low flow rates (< 6 mL/min), they found that reagent mixing
occurred too slowly, leading to large core diameter polydispersities (up to 40% of
dcore), whereas if the flow rate was 20 mL/min or greater, the reagent streams mixed
effectively, and provided that the NPs experienced sufficient residence time in the
reactor to fully grow, particle polydispersity was much reduced (to below 19% of the
mean core diameter) [100].

In general, while flow rate and residence time can be used to control particle size,
both these parameters are optimized before a millifluidic NP synthesis is begun in
earnest, and the established synthetic chemistry of the reaction (discussed in
Section 1.2) is then used to control size and shape of the particles [16, 37]. Generally,
the flow rate of the reactor is set as high as the reactor system can handle without
causing valve/fitting ruptures or back-flow, and since the reagent streams mix by
diffusion in most continuous-flow reactors, faster flow rates lead to more uniform
reaction initiation. The faster flow rate will also mean that the residence time (i. e. the
total tubing length) of the reactor must be extended to ensure that the particles experi-
ence sufficient residence time in the reactor to completely form.

1.3.7 Interfacing Real-Time Monitoring

Because NP synthesis in fluidic reactors linearizes synthetic reactions (linear distance
from the mixer becomes a direct reflection of reaction time), one of the most powerful
advantages of metal NP synthesis in flow reactors is the opportunity to interface con-
tinuous reaction monitoring strategies to verify product quality [11, 16, 37, 39, 100, 104].
In situ monitoring reduces both solvent and reagent waste, particularly since flow
synthesis approaches can be terminated at any time during the reaction, via quenching.
A host of optical spectroscopy techniques, including absorbance spectroscopy, lumines-
cence spectroscopy, and X-ray techniques, have all been successfully interfaced with
flow reactor systems, in order to determine the core size, concentration, and composition
of engineered NPs [11, 16, 39, 84, 95]. Noble metal NPs are particularly well-suited for
detailed characterization by optical techniques, as these NPs are strong absorbers and
efficient scatterers [1, 56, 106, 107]. For instance, it has been shown on several occasions
that the exact size and shape of many AuNPs (both spherical and anisotropic) can be
determined with good certainty using their absorbance spectra alone, due to the
characteristic absorbance values and wavelengths of their surface plasmon resonance
(SPR) absorbance features [88, 106]. Haiss et al. showed that spherical AuNPs with core
diameters between 5 and 80 nm could be accurately sized simply by comparing the
absorbance of the AuNP solution at 450 nm to the absorbance of the AuNP solution at
the wavelength of maximum absorbance (λmax) [106]. Once the size of the particle has
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been determined, the molar AuNP concentration can readily be calculated using Beer’s
law. Orendorff et al. have shown that the size and concentration of rod-shaped AuNPs
(up to aspect ratio 4.5) could also be determined using the absorbance of the AuNR
solution at the λmax [87]. XAS provides both compositional information about the
oxidation states of the metal in the NP core, and with extrapolation, information
about NP core size [84, 108, 109]. SAXS can be used to quantitatively determine NP
size (including polydispersity) and NP concentration for a variety of NP core materials
[38, 108, 110].

Optical spectroscopy techniques are particularly well-suited for incorporation
into millifluidic systems as quality control instrumentation. The larger channel
diameters of millifluidic reactors increase the effective path length available for an
absorbance or luminescence measurement (compared to microfluidic devices),
which increases the effective S:N ratio in accordance with Beer’s law [11, 16, 36, 37].
A reaction channel diameter of even 0.760mm provides a sufficient path length to
easily determine the core size of AuNPs in real time using absorbance spectroscopy or
SAXS, and increases the absorbance of a AuNP solution by nearly 8× versus a
microfluidic device channel diameter of ~100 µL [37, 38]. Importantly, if the observa-
tion cell is set at a fixed distance from the mixer, data from the sample can be
collected continuously at a single residence time (tr), and the acquisition time that
can be achieved is effectively unlimited.

The larger channel dimensions of a millifluidic reactor system provides an
opportunity to interface a wide variety of commercially available and custom obser-
vation cells for the purpose of real-time monitoring. Monitoring cells for microfluidic
reactors tend to be entirely custom made, and somewhat limited in their ability to
incorporate monitoring by multiple instrumental methods [11, 16]. As with mixing
devices, observation cells for millifluidic reactors range from the very simple to the
extremely complex: a commercially available flow-through cuvette can be used to
monitor the growth of gold NPs with dcore > 5 nm, or a custom Teflon observation cell
can be machined using relatively common metal shop techniques to provide a
custom observation cell that will facilitate AuNP characterization by two orthogonal
instrumental techniques simultaneously [37, 38].

1.3.8 In situ monitoring using absorbance spectroscopy

UV-vis-NIR absorbance spectroscopy provides a straightforward, but powerful
instrumental method to monitor metal NP growth during synthesis [88, 104].
Noble metal NPs display size-and shape-dependent SPR features, which are
intense absorbance features that typically occur between 400 and 1,800 nm.
Depending on the composition of the metal NP, the peak wavelength of the
absorbance feature and the intensity of the plasmon absorbance can be pre-
cisely correlated with the size, shape, and concentration of the NP sample. This
relationship has been most thoroughly established for AuNPs. Haiss et al.
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showed that for spherical AuNPs with dcore > 4.0 nm, the core size of the AuNP
can be determined using the following equation [104]:

dcore = exp B1
Aspr

A450
−B2

� �
(1:1)

In this equation, B1 = 3.00 and B2 = 2.20 are parameters experimentally determined
from the relationship between Aspr/A450 and the ln(dcore) [103]. This analysis method
has been shown to provide an accurate core size for AuNPs between 4.00 and 100.0
nm in diameter. The relative error in core diameter size using this method is ~6%
[104]. Once the core diameter has been determined, the molar extinction coefficient
for the AuNP sample can also be determined from the absorbance spectrum, allowing
for a real-time determination of the AuNP concentration. Orendorff et al. demon-
strated through a similar set of experiments, the relationship between AuNR aspect
ratio and the λmax of the longitudinal SPR, as well as the average molar absorptivity
coefficient as a function of AuNR aspect ratio [87]. Currently, quantitative relation-
ships between plasmon absorbance intensity, excitation energy, and core size/shape
have only been explicitly determined for gold NPs, but qualitative monitoring can
still be employed for Ag, Pt, and Pd synthesis (or AuNPs < 4.0 nm in diameter).

1.3.9 In situ monitoring using X-ray absorption spectroscopy (XAS)

Absorbance spectroscopy is somewhat limited as a monitoring technique, in that the
technique only currently provides quantitative size and concentration data for AuNP
solutions. X-ray analysis techniques can provide quantitative size and composition
analysis for metal NPs of all core compositions. Various X-ray absorbance techniques
have been employed for the analysis of metal NPs in flow, including both extended
X-ray absorbance fine structure (EXAFS) and X-ray absorption near-edge structure
analysis (XANES) [84, 111]. In situ XAFS provides data on the short-range order of
chemical systems and permits the in situ study of nucleation at short residence times.
Typically, the application of XAFS to NP growth during flow synthesis requires
high-energy X-rays from a synchrotron source [84, 111]. XAFS studies provide a
variety of pertinent data regarding NP size, oxidation state, coordination number,
and bond length for many metal and semiconductor NPs. The photon energy in
XANES spectra can be related to oxidation state of the metal core. EXAFS spectra
can be used to determine the bond lengths (interatom distances) between atoms in
the metal core [84, 111].

1.3.10 In situ monitoring using small-angle X-ray scattering (SAXS)

X-ray scattering techniques can also be employed to provide a quantitative
determination of metal NP size and concentration for a variety of metal core
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materials. Metal NPs are excellent X-ray scatterers, and even metal NPs with
core diameters less than 1.0 nm provide sufficient scattering intensity to quan-
titatively determine the metal NP size. SAXS analysis of metal NPs has been
successfully achieved using both synchrotron X-ray sources and benchtop
instruments [39, 107]. Typically, in SAXS analysis, the raw scattering data are
fitted to a scattering distribution using a spheroidal form factor, F. A mono-
modal spheroidal form factor is shown below [39]:

F2 =
3

qR3 ðsin qRð Þ− qRcos qRð Þð Þ (1:2)

where q is the scattering vector (nm-1) and R is the spheroid radius. The intensity of
the scattering is then fitted to the scattering vector. For example [39]:

Ifit qð Þ= Δρj j2
Xrmax

rmin

F q, rð Þj j2V2 rð ÞNP rð ÞΔρ (1:3)

Here, Δρ refers to contrast, F(q,r) is the structure form factor, V(r) is the particle
volume, N is the total number of scatterers, and P(r) is the likelihood that a particle in
the Gaussian or log normal particle distribution has a radius (r). From the form factor
and scattering distribution, both the NP radius and concentration can be determined.
The dispersity in core diameter can be determined from the log normal or Gaussian
distribution of the fit [39].

1.3.11 In situ monitoring of metal NP growth

A particularly elegant demonstration of a millifluidic system that could accurately
monitor AuNP size and concentration using simultaneous absorbance spectroscopy
and SAXS analysis was provided by McKenzie et al. in 2010 [39]. Their millifluidic
reactor was assembled from FEP tubing and PTFE Teflon mixers, driven by a pro-
grammable syringe pump, and incorporated a custom-made Teflon observation cell
with orthogonal observation ports that allowed for simultaneous AuNP characteriza-
tion using absorbance spectroscopy and SAXS (Figure 1.12A). The inner diameter of
the tubing and mixers was ~0.760mm. The observation cell interfaced with the UV-vis
absorbance spectrophotometer using flexible fibre optic cables and contained mica
windows set perpendicular to the fibre optics, with the observation cell geometry
allowing for simultaneous absorbance spectroscopy and SAXS monitoring of the
AuNP sample. In their study, McKenzie et al. did not monitor the growth of particles
during synthesis (although the same basic reactor setup would be used for real-time
quality control during synthesis in subsequent studies [vide infra]) [37, 41]. In this
study, they compared the efficacy of characterizing previously synthesized gold NPs
using transmission electron microscopy versus SAXS (the SAXS spectra were also
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correlated with qualitative NP size analysis by UV-vis absorbance spectroscopy,
Figure 1.12B). They analysed three cores sizes of AuNPs (monodisperse 0.8 nm Au-11
clusters, and MEEE-stabilized AuNPs with core diameters of both 3.0 nm and 5.0 nm).
The 0.8 nm AuNPs used in this study were prepared by ligand exchange on triphenyl
phosphine-stabilized Au-11 clusters. The 3.0 nm and 5.0 nm AuNPs were synthesized
using direct synthesis methods and purified by diafiltration. The mean core diameters
of the particles (according to TEM) were as follows: 0.8 ± 0.3 nm, 3.4 ± 1.7 nm, and
5.3 ± 2.1 nm, respectively (n ~ 500, Figure 1.12C) [39]. The AuNP diameters determined
by SAXS were as follows: 0.8 nm (statistically negligible polydispersity), 3.6 ± 0.6 nm,
and 5.3 ± 0.8 nm, respectively. The reduced polydispersity in the AuNP diameter by
SAXS measurement was attributed to a lack of sample preparation artefacts which
would be present in microscopy sample preparation, and the far greater population of
AuNPs than can be surveyed using TEM (100 trillion-fold increase in the sample
population). Time resolution provided by the setup was as low as 2 ms, making it
suitable for in situ quality control during synthesis or most kinetic analyses of NP
growth [37, 39].

Metal NP characterization and monitoring in flow displays a number of advan-
tages versus ex situ instrumental analysis. Since the samples are in flow, data
acquisition times are unlimited, because the observation cell can be set at a specific
distance from the mixer, and collection can be continued at that point as long as
sample remains in the reactor reservoir. The use of AuNP size determination in real
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Figure 1.12: In situ millifluidic flow reactor monitoring system using small-angle X-ray scattering
(SAXS). (A) Millifluidic reactor design. (B) Representative AuNP X-ray scattering spectra and UV-vis
absorbance spectra. (C) TEM images of 0.8 nm AuNPs and 5.0 nm AuNPs (Reproduced 2018 with
permission from reference 39. Copyright 2010 American Chemical Society).
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time by SAXS has therefore subsequently been incorporated as a real-time quantita-
tive monitoring tool in a number of AuNP flow syntheses [37, 39, 95, 107]. While
McKenzie et al.’s original study used synchrotron-based X-ray sources for the SAXS
analysis, the proliferation of high-quality benchtop SAXS instrumentation has made
this instrumental monitoring far more feasible in most laboratories [37, 39].

Effective millifluidic reactor designs for NP synthesis are already relatively var-
ied, considering the youth of this field. Reactors can be prepared from a host of
components ranging from the simple (and commercially available) to the complex
(and custom-made). In addition, a versatile library of in situ monitoring techniques
have already been interfaced with millifluidic reactors to provide effective real-time
size determinations as NPs are synthesized. While the efficacy of absorbance and
luminescence spectroscopy techniques depend heavily on the core material of the NP
being synthesized, X-ray absorption and scattering techniques can also be directly
interfaced with the reactor, providing accurate size determinations, regardless of the
NP core material. Going forward, there are still at least four key challenges to address
in reactor design: (1) the development of millifluidic reactors that provide extended,
reproducible mixing of large-scale reagent stocks must be developed, (2) more
effective segmented-flow reactors, reactors with more robust material compatibility
(so that NP syntheses that require high temperatures or corrosive conditions can be
effectively run in flow reactors), (3) additional strategies for running long residence
time NP synthesis reactions, and (4) post-synthetic modification steps must be
integrated into reactor design [11, 16]. Currently, most synthetic reactor systems are
designed for noble metal NPs that are synthesized under mild aqueous conditions;
however, the synthesis of more reactive metals, such as iron, require harsh or
corrosive reaction conditions, so reactor materials must move beyond simple com-
mercially available plastics. The addition of late reaction reagent stream interfaces
would enable post-synthetic modification of the ligand shell in flow, and/or the more
facile synthesis of bi-metallic or core-shell NPs. The recent development of SFTR
reactors, powered by HPLC pumps and capable of producing up to 10 g NP/h, may
provide a path towards true large-scale synthesis of engineered NPs.

1.4 Metal NP size control in millifluidic reactors

During millifluidic synthesis, NP size is typically controlled using similar synthetic
parameters to those used in the corresponding batch synthesis [37, 43–45, 100].
Based on the essential chemistry of the metal element in question, there are several
specific strategies that can be used to control the diameter of the NP core. In
general, the core size of the particle is controlled through two synthetic parameters
acting in concert: the reductant:metal molar ratio and the capping agent: metal
molar ratio [3, 45]. The larger the reductant concentration relative to the metal
precursor, the more nucleation is favoured over monomer growth, and a greater
number of smaller NPs results [37, 45]. Similarly, the use of stronger reducing
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agents typically favours the formation of smaller particles [3, 37, 45, 55]. Increasing
the capping agent concentration also favours smaller core diameters because the
passivating layer formsmore rapidly on the NP surface. This reduces the rate of core
growth by monomer addition, yielding smaller NPs. Several other parameters can
also be used to control NP core diameter, depending on the nature of the synthesis,
including reaction temperature, intensity of light irradiation (if light is the reducing
agent), and pH.

In the context of a flow reactor, NP core diameter can also be controlled through
careful control of residence time [11, 14, 84, 95, 96, 98, 100, 111]. By linearizing the NP
synthesis reaction, individual NPs can be grown for specific reaction times, and the
reaction can be continuously quenched at that point, leading to NPs of a specific size.
For instance, Biswas et al. demonstrated the synthesis of ultra-small spherical Cu
nanoclusters (stabilized with thiol polymers) [83]. The copper clusters experienced a
residence time of at least 9 s in the millifluidic reactor, and the growth reaction was
then quenched by depositing the Cu nanocluster solution into ethanol, as the NP
solution exited the reactor [84]. When CuNP growth was quenched by dispersion in
ethanol, the average dcore (as determined by TEM) was determined to be 1.2 ± 0.3 nm
(n = 40) and if the growth reaction was not quenched by ethanol, the CuNPs
ultimately grew significantly larger (dcore = 2.0 ± 0.5 nm, n = 55). Flow rate can also
be used, in principle, to determine the core diameter, but since high flow rates are
usually necessary for adequate mixing, flow rate is typically optimized to ensure the
most rapid mixing possible, rather than to control NP size [11, 14, 16, 37].

Recent research has shown that there are at least three primary advantages to
synthesizing metal NPs inside a millifluidic reactor compared to batch synthesis,
when it comes to core size control [37, 84, 95, 96, 98, 100, 110, 111 112]. The first is that
millifluidic synthesis provides faster and more controlled mixing than a batch reac-
tor, which leads to more precise control over NP core diameters, with proper reactor
design and engineering [37]. The extent to which millifluidic synthesis provides
superior mixing compared to the batch synthesis depends strongly on the relative
rates of reagent stream mixing within the reactor, compared to the particle growth
kinetics, however. The second advantage is that the increased automation provided
by the millifluidic device renders NP synthesis more reproducible than reagent
addition by hand during batch synthesis. Finally, the high-throughput nature of NP
synthesis reactors provides a platform that can be used to optimize a synthetic
method in a high-throughput fashion [11, 14, 16, 20, 37].

A number of research groups have successfully used millifluidic synthesis
environments to synthesize spherical metal NPs with specific core diameters [37,
43, 84, 95, 96, 98, 100, 110, 111][ 112]. The extent of size control is typically measured
in two ways (ideally, millifluidic synthesis will provide improved size control in
both contexts): (1) An enhanced ability to target a specific average core size (e. g. 3.5
nm, not 3.7 nm) and (2) Reduced polydispersity (a reduced sample standard devia-
tion in dcore). Even relatively crudely assembled millifluidic reactors provide core
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diameter distributions that are at least comparable to the same NP synthesis
performed in batch. We have previously developed a millifluidic reactor assembled
from TYGON tubing and driven by a syringe pump, which provided AuNPs with
average core diameters ranging from 2.0 nm to 40.0 nm, and showed slightly
reduced polydispersity compared to the same synthesis in batch. McKenzie has
also demonstrated the synthesis of monodisperse Au-11 nanoclusters (dcore = 0.8
nm) in a millifluidic reactor [107]. Unfortunately, many reports of NP millifluidic
syntheses still do not compare the size control provided by themillifluidic synthesis
directly to the size control provided by the batch synthesis. On balance, it seems
generally safe to assume (unless there are significant material compatibility issues
with the reactor which lead to NP adsorption to the reactor walls or NP aggregation)
that size control is at least modestly improved by adapting the synthesis for a
millifluidic environment.

The utility of a millifluidic NP synthesis displaying multiple size control advan-
tages compared to the corresponding batch synthesis was recently demonstrated by
Elliott et al [37]. Using a millifluidic reactor composed of Teflon mixers and FEP
tubing (0.762mm i.d.), Elliott et al. optimized an existing direct AuNP synthesis to
provide more precise control over NP core diameter. They studied the direct synth-
esis of thiol-stabilized spherical AuNPs using alkylthiosulfates (Bunte salts) as
capping agents, a synthesis method very much analogous to the Brust–Schiffrin
synthesis, but which provides access to larger AuNP core diameters (up to 10 nm)
[37, 41, 79]. NP size during this study was determined in situ using SAXS (both
benchtop and synchrotron X-ray sources) and UV-vis absorbance spectroscopy.
The in situ size analysis data were then compared to ex situ characterization by TEM
(Figure 1.13A,B). The Bunte salt capping agents used were analogues of mercapto
hexanoic acid and MEEE. The AuNPs were synthesized at a molar reagent ratio of
1:5:2 Bunte salt:Au:sodium borohydride. In this study, they demonstrated that the
pH of the reaction mixture could be used to effectively pre-determine the average
core diameter of the AuNPs. Both in batch and in flow, they showed that increasing
the pH of the reaction mixture (up to pH = 7) led to the formation of larger AuNPs
(up to ~8 nm in diameter). The pH of the solution impacts the final particle size by
changing the reduction potential of the gold precursor; at higher pH, the speciation
of the gold precursor changes from AuCl4

- (at low pH) to a gold chloro hydroxide
species [AuCln(OH)4-n

-]. The gold hydroxo complex has a smaller reduction poten-
tial than the tetrachloroaurate species, decreasing the rate of gold reduction, and
increasing the size of the final particle. The relationship between NP core diameter
and reaction mixture pH was non-linear; however, the relationship could be fit to a
power function (Figure 1.13C) [37].

The advantage of performing this study in flow was obvious from the increased
throughput. By determining the core diameter of the particles using in situ instru-
mental methods, the process of optimizing the synthesis (as well as the throughput of
the product AuNPs) was greatly enhanced [37]. This allowed the researchers to
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determine the precise effect of pH on NP core diameter muchmore rapidly than batch
synthesis with ex situ characterization techniques. Furthermore, the reproducibility
of the synthesis from trial to trial significantly improved when the syntheses were
performed in flow (polydispersity in dcore decreased from 18% in a multiuser batch
synthesis to 2% in a multiuser flow synthesis) [37]. The relationship between NP core
diameter and solution pH was fit with a smooth curve, enabling the researchers to
develop predictive working curves, which could be used to target a pH which would
give a specific AuNP core diameter at a preset gold:ligand:sodium borohydride
concentration ratio. The working curves were effective in predicting the average
AuNP core diameters to within 0.1 nm, based on SAXS analysis [37]. In addition to
their synthetic optimization, by means of the pH–core diameter working curves, the
authors credited the improved size control provided by the reactor to significantly
improved reagent mixing within the millifluidic environment. They showed that
within the millifluidic reactor, the reagent streams mixed in ~1 ms, whereas in the
batch reaction, NP nucleation actually occurred before reagent mixing (the sodium
borohydride addition) was complete.

Their pH–dcore working curves allowed Elliott et al. to address a pressing (though
often little discussed) need in NP synthesis [4, 11, 12, 14]. While it is often taken for
granted that spherical metal NPs of almost any size can be synthesized with almost
arbitrary core diameter resolution, it can be very challenging to synthesize ametal NP
that is “exactly” 3.5 nm in diameter. These synthesis challenges are enhanced when a
research group is attempting a synthesis that they have little prior experience with,
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Figure 1.13: Data showing the effect of solution pH on AuNP core diameter in direct synthesis using
Bunte salts. (A) Representative TEM images of 3, 5, and 7 nm AuNPs. (B) In situ SAXS data for final
AuNP sizes at different solution pH values. (C) Working curve used to predict the pH necessary to
synthesize AuNPs of a specific core diameter (Reproduced 2018 with permission from reference 37,
Copyright 2015, American Chemical Society).
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andmany NP syntheses still suffer from poor reproducibility when synthesismethods
are transferred from group to group. The ability to develop effective working curves
on the spot (which is much easier to do in a millifluidic reactor environment) could
prove to be a huge boon in the controlled synthesis of spherical metal NPs.

Over the past few years, early results in controlling metal NP core diameter in
millifluidic systems appear to be promising; however, a number of key challenges
now need to be addressed in order to achieve meaningful size control in all systems.
To date, most millifluidic synthesis studies have focused on the synthesis of noble
metal NPs; in the immediate future, synthetic studies need to focus on other indust-
rially relevant core materials including Fe, Co, Ir, and Ni. Furthermore, most of the
syntheses that have been performed inmillifluidic devices thus far were performed in
aqueous or ethanol solvent systems; new reactor designs need to be developed that
can withstand more corrosive reaction mixtures or a variety of non-polar organic
solvents. Last, since mixing rate appears to be a key determinant in producing
monodisperse metal NPs in flow reactors, more sophisticated mixer designs must
be investigated that can either extendmixing into the turbulent regime or continue to
explore the synthesis of metal NPs using segmented-flow reactors.

1.5 Millifluidic shape control in metal NP synthesis

Despite the relative youth of millifluidic NP synthesis as a field, a wide variety of
syntheses for anisotropic metal NPs with many different metal cores have success-
fully been adapted for flow synthesis [38, 43, 44, 112]. Anisotropic metal NPs synthe-
sized inmillifluidic flow reactors include Ag nanowires, AuNRs, gold nanocubes, and
bimetallic NPs [38, 43, 44, 112]. These NPs have been generated in both continuous
and segmented-flow reactors. Many of these NPs were, in fact, generated in the same
study using a single reactor, driven by syringe pumps, and composed of PTFE tubing
and Teflon mixers, with interior diameters up to 5.8mm [38]. The synthesis of
anisotropic metal NPs in flow reactors raises a number of different challenges com-
pared to the synthesis of spherical metal NPs. Primarily, since most anisotropic metal
NPs are synthesized by seeded growth approaches (which generally involve careful
kinetic control with respect to both reduction and monomer addition), the residence
time in the reactor required for anisotropic NP growthmay be extensive (20min–24 h)
[38, 43, 44, 112]. Building extensive residence time into a millifluidic reactor while
maintaining sufficiently rapid mixing rates can be a significant challenge in reactor
design. We have successfully adapted the silver-assisted seeded growth of AuNRs for
synthesis in a simple millifluidic reactor [43]. This millifluidic reactor was quite
rudimentary in its design, as it was powered by a peristaltic pump, and assembled
from TYGON tubing (i.d. 1.79mm) and commercially available polycarbonate
Y-mixers, with in situ monitoring provided by UV-vis absorbance spectroscopy via a
flow-through quartz cuvette [42]. The aimherewas to design amillifluidic reactor that
would be accessible to as wide a variety of researchers as possible, since only
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inexpensive, commercially available reactor components were required. Using this
reactor, we flowed together aqueous solutions of 1.5 nm CTAB-stabilized AuNP seeds,
and a growth solution containing HAuCl4, CTAB, AgNO3, and ascorbic acid. We were
able to show that AuNRs with different aspect ratios (ranging from 1.5 to 4.0) could be
produced by varying the [AgNO3] in the growth solution (Figure 1.14) [42]. AuNR
growth could also be initiated by the addition of aqueous sodium borohydride
directly to the growth solution. With extended running time (~120 min of reactor
operation), AuNRs with various aspect ratios were produced on the gram scale using
this reactor, andUV-vis absorbance spectroscopy could be effectively used tomonitor
the growth of the AuNRs in the reactor, for either kinetic monitoring or quality control
purposes.

Millifluidic reactors have also been adapted for the synthesis of core:shell bimetallic
NPs. Santana et al. recently demonstrated the millifluidic synthesis of Au@Pd nanos-
tructures with various Pd shell thicknesses (Figure 1.15) [43]. This segmented-flow
reactor was driven by syringe pumps and composed of PTFE tubing (i.d. = 1.58mm)
and silica capillaries, with the tubing beyond the mixer immersed in a 110 °C oil bath.
These anisotropic core:shell NPs were synthesized using a segmented-flow reactor
containing silicone oil as a carrier fluid to generate aqueous microreactor bubbles for
the synthesis of the anisotropic NPs. In this synthesis, Au nanocubes or octahedra
served as seeds for the synthesis of the core:shell NPs. Santana et al. observed that
increased flow rate of the palladium precursor (H2PdCl4) leads to increasing
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Figure 1.14: Absorbance spectroscopy analysis and TEM images of AuNRs with various aspect ratios
prepared in a millifluidic reactor, using increasing concentrations of silver nitrate (a-e) (Reproduced
2018 with permission from reference 43, copyright 2014, American Chemical Society).
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thickness of the conformal Pd shell on the surface of the seed AuNP, although the Pd
shell showed a tendency to grow dendritically when octahedral AuNPs were used as
seeds in this synthesis [44]. The researchers observed that the quality of the
anisotropic core:shell NPs prepared by this method were comparable to the size,
shape, and core-shell thickness of the same particles grown under analogous batch
synthesis conditions. However, the ability to modify the synthesis conditions in line
during millifluidic synthesis represents a potential advantage over the synthesis of
these types of anisotropic shapes in batch [43]. Their results show that it is possible
to manipulate metal NP shell thickness, and even NP shell growth geometry, by
manipulating reagent stream flow rates.

While the synthesis of anisotropic metal NPs in flow reactors has now been
demonstrated on a number of occasions, millifluidic synthesis has not yet shown
significant improvements in product quality compared to batch synthesis. In our
millifluidic synthesis of AuNRs with various aspect ratios, we found that the poly-
dispersity of the AuNR aspect ratio was essentially identical to the polydispersity of
the AuNR aspect ratio performed under identical batch conditions. Millifluidic
growth of silver nanowires using the polyol synthesis and Santana et al.’s millifluidic
synthesis showed similar results; the aspect ratio of the nanowires and the thickness
of the Pd shell on the surface of the Au seed crystals were exactly as expected based
on the batch synthesis run under identical conditions [43, 44, 96, 112]. Because the
growth kinetics of anisotropic metal NPs are typically less rapid than the growth
kinetics of spherical metal NPs, the reduced mixing dimensions of the millifluidic
reactors are probably less of an advantage in the synthesis on anisotropic metal NPs
compared to the synthesis of spherical metal NPs, wheremetal reduction and particle
growth are typically much more rapid. Millifluidic reactors may still provide a means
to improve anisotropic metal NP yield and shape dispersity by providing a high-

A B

Figure 1.15: Diagram of a millifluidic flow reactor used by Santana et al. for the synthesis of bimetallic
Au-Pd nano-octahedra. (A) Millifluidic reactor design, using a segmented-flow reaction.
(B) Hi-res TEM images and elemental mapping images of Au-Pd bimetallic NPs (Reproduced 2018 with
permission from reference 44, Copyright 2017, American Chemical Society).
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throughput platform for optimizing seeded growth syntheses. Seeded growth synth-
eses typically require the synergistic interaction of up to six or seven reagents to
achieve effective shape control, and the high-throughput synthesis environment may
provide an effective platform to develop working curves (ala Eliott et al.) to minimize
shape polydispersity and maximize NP yield [37, 78].

One of the primary challenges in the millifluidic synthesis of anisotropic metal
NPs going forward is ensuring that metal NPs grown in a flow reactor experience their
full growth time within the reactor, while ensuring that the reagent streams flow
together fast enough to fully mix. The growth time required to achieve anisotropic
metal NPs and the temperatures required for anisotropic growth are highly variable
from synthesis to synthesis. For instance, the synthesis of the Au@Pd core:shell NPs
required 2h of heating (at 110 °C) to produce the palladium-coated gold cubes. To
achieve the necessary residence time, 5 feet of PTFE tubing was required, along with
a very low flow rate (0.3 mL/min to 0.6 mL/min) [44]. While this low flow rate was
adequate for the synthesis of the bimetallic NPs, reducing flow rates reduces mixing
efficiency and the rate of reagent diffusion across the interface. Other syntheses may
require even longer residence times with more rapid mixing, which will push the
potential limits of reactor length. Additionally, to date, anisotropic metal NPs have
only been synthesized in millifluidic reactors by synthesizing the seed NP solution
first in batch, and then adding the seed solution to a reagent line to begin the
millifluidic synthesis. In order to make a truly effective millifluidic synthesis of
anisotropic metal NPs, the seed solution should be synthesized within the reactor
and then the seeds should be combined in line with the growth solution. Generation
of higher-quality seed particles in the millifluidic reactor may be an important key to
improving millifluidic shape control versus batch synthesis.

1.6 Surface chemistry control in millifluidic reactors

Because the size and shape of the NP core determines the electronic and optical
properties of metal NPs, the ability to control NP core size and shape in millifluidic
reactors has easily received the bulk of early research attention [3, 46]. By comparison,
few research studies have examined the ability to control NP surface chemistry using
millifluidics [41, 113]. NP surface chemistry encompasses almost all aspects of NP
structure and composition beyond the core, including inorganic shells grown over
the core, as well as the organization and charge of organic molecules and ions
adsorbed to the NP surface [114–116]. The importance of controlling NP surface chem-
istry is difficult to overstate, because the NP surface is the primary interface through
which the NP interacts with its immediate environment [114–116]. NP surface chemistry
modifications, such as controlling ligand shell composition, overgrowth of additional
inorganic shells, or post-synthetic modifications (e. g. bio-functionalization), strongly
influence NP interactions with their environment and even modify the size-dependent
properties of the core. For instance, ligand shells composed of multiple ω-
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functionalities are necessary to ensure effective NP performance in many biomedical
applications. [114, 115][116] Because millifluidic reactors linearize NP synthesis reac-
tions and provide more rapid mixing than a typical batch synthesis, these reactors
provide an opportunity to manipulate NP surface chemistry at specific time points
during or after NP synthesis in ways that are not accessible during batch syntheses.

While only a handful of studies have investigated the ability to manipulate NP
surface chemistry in millifluidic reactors, several significant gains in surface chem-
istry control have already be achieved, particularly relating to the ability to manip-
ulate the composition of the NP ligand shell. Metal NPs possessing mixed-ligand
shells (capping agent layers composed of two or more ω-functionalized ligands)
offer improved performance in a variety of applications, because multiple ligands
can impart multifunctional properties to the NPs [114–116]. This is particularly
evident in biomedical applications, where theranostic NPs must demonstrate
several different properties simultaneously to successfully bind cell membrane
receptors – these NPs must show good water solubility, resist non-specific protein
adsorption, and display a targeting ligand that will specifically bind the NP to
cell membrane receptors [114, 115 116]. While the synthesis of metal NPs with
mixed-ligand shells has been demonstrated in batch, these syntheses are often
time-consuming (requiring multiple ligand exchange and purification steps) and
suffer from questionable reproducibility. Recent studies of the synthesis of multi-
functional AuNPs in millifluidic reactors, however, have shown that the reprodu-
cible synthesis of mixed-ligand shell NPs in millifluidic reactors can be achieved in
a single synthetic step.

Elliot, Kennedy, et al. have shown on several occasions during the past 3 years
that the improved reagent mixing provided by millifluidic reactors also provides a
facile platform to achieve sophisticated NP ligand shell compositions that are difficult
to achieve in batch synthesis [41, 117]. In 2015, Kennedy et al. demonstrated that
direct AuNP synthesis in a millifluidic reactor could be used to synthesize thiol-
stabilized AuNPs with mixed-ligand shells consisting of various ratios of ethylene
glycol (EG) and malonamide ω-functional groups [116]. In this study, the mixed
malonamide–EG ligand shell AuNPs were synthesized using a direct synthesis
method (analogous to a single-phase Brust-Schiffrin synthesis) where Bunte salts
(alkylthiosulfates) acted as ligand precursors. Kennedy et al. were able to take
advantage of the superior mixing provided by the millifluidic reactor to precisely
control the ratio of both ligands on the NP surface, producing 3.5 nm AuNPs with
ligand shell EG:malonamide ratios ranging from 0% to 90% EG:malonamide [117].
Increasing malonamide representation in the ligand shell, however, did tend to lead
to larger AuNP core diameters at the same ligand:Au ratio. This millifluidic synthesis
provides a reliable single-step synthetic route to metal NPs with mixed-ligand shells,
without the need for multiple post-synthetic modification ligand exchange and
purification steps. It should also be noted that the EG:malonamide ratio that formed
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in the ligand shell was not necessarily identical to the feed ratio of the two ligands
entering the synthesis.

Elliott et al. built on this design strategy to synthesize 3.5 nm diameter AuNPs
functionalized with mixed thiol ligand shells, containing a mixture of ω-functiona-
lized EG and click-ready azide functional groups (Figure 1.16) [41]. These clickable
AuNPswere subsequently functionalizedwith fluorescent triazole groups, to produce
fluorescent NPs via post-synthetic modifications (Figure 1.16B). The use of the milli-
fluidic reactor here not only provided extremely precise control over the composition
of the ligand shell, but Eliott et al. also showed how the feed composition of the
ligand precursors led to the exact ratio of the twoω-functionalized thiols on the AuNP
surface. The use of a 1:19 ratio (azide:EG Bunte salts) during the flow synthesis gave
rise to mixed-ligand shell AuNPs with a ~7% ratio azide:EG in the ligand shell, as
determined by nuclear magnetic resonance (1H-NMR) spectroscopy [41]. DBCO-PEG4-
Fluor 545 dye then could be clicked to the azide groups displayed on the particle
surface to provide fluorescent AuNPs. A host of other relevant functional groups
could also be clicked to the particle surface, making the initial azide:EG AuNPs a
facile synthetic building block for a vast library of mixed-ligand shell AuNPs [41].
These multifunctional AuNPs provide water-soluble and highly stable clickable
metal NPs (a useful combination!). While the click reactions were performed outside
the millifluidic reactor environment in this study, the ability to synthesize mixed
ligand, water-soluble AuNPs in a single synthetic step using a millifluidic reactor
provides a powerful tool to simplify the synthesis of mixed-ligand shell AuNPs with
minimal core diameter dispersity.

After only several early studies, millifluidic reactors have already shown sig-
nificant advantages in their ability to control NP surface chemistry compared to
batch synthesis, particularly with respect to ligand shell composition. Therefore,
NP surface chemistry control represents a particularly promising area of research
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Figure 1.16: 3.5 nm AuNP synthesized with a mixed-ligand shell in a millifluidic flow environment
(95:5 MEEE:azide thiol). (A) These mixed-ligand shell AuNPs can then be post-synthetically modified
with fluorescent functional groups. (B) 1-triazole-EG3-AuNP fluorescent spectra and TEM images of
the AuNPs before and after post-synthetic modification (Reproduced 2018 with permission from
reference 41. Copyright 2017 American Chemical Society).
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for millifluidic reactors. Because NP synthesis is linearized in a millifluidic reactor,
ligand-exchange reactions, silica coating, or coating reactions with additional
metal shells could be initiated at specific times following the initial NP synthesis
in the reactor, and the rapid mixing within the reactor could lead to greater control
over shell thickness, or the opportunity for asymmetric functionalization on aniso-
tropic NPs. Furthermore, the ability to monitor chemical reactions in situ could lead
to useful opportunities to monitor the progress of additional functionalization
reactions within the confines of the reactor. The ability to manipulate surface
chemistry within a flow reactor could lead to entirely new strategies for surface
chemistry control, and thus, to an unprecedented ability to manipulate NP
physiochemical properties.

1.7 Essential safety considerations

By the standards on many typical synthetic chemistry reactions, the synthesis of
metal NPs can often be achieved by mild and relatively benign means. When synthe-
sizing metal NPs in millifluidic reactor systems, there are several key points where
care should be taken to prevent personal injury or damage to the reactor components.
First, it should be emphasized that the hazards of metal NPs themselves are not fully
understood, and the best safety practices for handling metal NPs continue to evolve.
Typically, noble metal NPs (Au, Ag, Pt, and PdNPs) that are dispersed in an aqueous
or alcohol solution are considered to be minimally hazardous. Nevertheless, gloves,
goggles, and standard laboratory personal protective equipment should be worn
when handling any NP solution with an unknown hazard level. If metal NPs are
dried to a powder, however, they should be treated as potential inhalation hazard,
and should be carefully controlled and only handled in a fume hood until they are re-
dispersed in solution. When handling powdered metal NPs, it may also be necessary
to wear a respirator or other personal protective equipment to prevent the inhalation
of ultrafine particles.

Particularly in the synthesis of noble metal NPs, any glass ware used in the reactor
or the synthesis overall will need to be cleaned with aqua regia prior to use.
Concentrated aqua regia solutions contain both strong acids (HCl and HNO3) and a
strong oxidizer (HNO3). Therefore, aqua regia should be handled and disposed of with
due caution. Lastly, the synthesis of noble metal NPs often requires aqueous solutions
of sodiumborohydride (NaBH4). Inwater solution, sodiumborohydride rapidly decom-
poses, and can evolve relatively high pressures of gas. Therefore, aqueous sodium
borohydride solutions should be disposed of as soon as they are used to prevent the
rupture (or in rare cases, the explosion) of the NaBH4 container vessel.

40 1 Size and shape control of metal nanoparticles in millifluidic reactors



1.8 Conclusions

Millifluidic reactors have begun to gain prominence as synthesis platforms for
functionalized NPs of all kinds. Millifluidic systems now provide comparable control
over metal NP physicochemical properties (size, shape, composition, and surface
chemistry) compared to microfluidic devices, yet millifluidic reactors offer reduced
construction time, modular replacement components, and easier interfaces with in
situ instrumental monitoring. Effective millifluidic reactors can be assembled from a
wide variety of commercially available components, but most early reactor designs
for metal NP have been constructed from PTFE tubing, connected by t-mixers, and
driven by syringe pumps. These millifluidic reactor designs offer mixers that can
achieve complete reagent stream mixing on the millisecond time scale, segmented-
flow operation, and real-time NP size determinations with 1.0 Angstrom resolution
using X-ray analysis techniques.

A wide variety of metal NPs have been synthesized in millifluidic devices, but, to
date, noble metal NPs (Ag, Au, Pt, and PdNPs) have received the most extensive
investigation. For both spherical and anisotropic metal NPs, millifluidic NP synthesis
provides high-throughput product characterization by in situ analysis, reduced
batch-to-batch variability in core diameter (less than 0.2% ), and sufficient through-
put to extend NP synthesis to the gram scale (even when using only a single device).
High-throughput synthesis optimization in a millifluidic environment has even pro-
duced synthetic NP methods that can control core diameters to within 0.1 nm. New
precision in ligand shell composition control has also been demonstrated in milli-
fluidic reactors, where high-quality mixed thiol monolayers on AuNPs can now be
synthesized routinely. These mixed-monolayer AuNPs have opened up new oppor-
tunities for colorimetric sensing, nanoscale device construction, and studying the
aggregation kinetics of gold NPs with improved precision.

Despite the significant achievements made so far in the millifluidic synthesis of
engineered NPs, a number of key challenges remain that make it difficult to extend
the millifluidic synthesis of metal NPs to all NP shapes and metal core materials. One
of the more underappreciated challenges involves interfacing millifluidic reactors
with large enough reagent reservoirs that a single continuous synthetic run will yield
grams of functionalized NPs, without the need to replenish the reagent reservoirs.
Driving millifluidic reactors with HPLC pumps provides a potential solution to this
problem, and this approach can be adapted for either continuous or segmented-flow
synthesis. Still more research into reactor design is needed to accommodate NP
synthesis reactions that require extremely long residence times, extremely high
temperatures, or harsh reaction environments. As yet, millifluidic synthesis does
not offer improved shape control in anisotropic NP synthesis compared to batch
synthesis methods. There is also a pressing demand to develop a broader array of
millifluidic post-synthetic modification techniques (including ligand exchange and
silica shell coating), millifluidic bio-functionalizationmethods, andmore convenient
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point-of-use NP synthesis reactors. If these challenges can be overcome, the conve-
nience afforded by modular millifluidic reactors may yet create a research environ-
ment in which many NP synthesis researchers, even those with little prior flow
chemistry training, can lend their expertise to develop new, more convenient reactor
designs and syntheses.
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2 Synthesis ofmetallic nanoparticles bymicroplasma

Abstract: The synthesis of metallic nanoparticles has been of long standing interest,
primarily induced by their novel and unique properties that differ considerably from
bulk materials. Despite various methods have been developed, it is still a challenge to
produce high-quality metallic nanoparticles with controllable properties in a simple,
cost-effective and environmentally benign manner. However, the development of the
microplasma-assisted technology can bring an answer to this formidable challenge. In
the present work, four main microplasma configurations used for metallic synthesis of
metallic nanoparticles are reviewed. These are hollow-electrodemicrodischarges,
microplasma jets with external electrodes, microplasma jets with consumable electro-
des and plasma–liquid systems. The state of the art characterization methodologies
and diagnostic techniques for in situ microplasma-assisted precursor dissociation as
well as ex situmetallic nanoparticles analysis is also summarized. Further, a broad
category of representative examples of microplasma-induced metallic nanoparticle
fabrication is presented, together with the discussion of possible synthesis mechan-
isms. This is followed by a brief introduction to related safety considerations. Finally,
the future perspectives, associated challenges and feasible solutions for scale-up of
this technique are pointed out.
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2.1 Introduction

Due to their low dimensionality and large surface areas, nanoparticles often exhibit
novel and unique properties that differ considerably from bulk materials [1]. Among
them metallic nanoparticles are one of the most extensively studied systems in terms
of preparation, characterization and applications [2, 3]. It is well known that product
properties are closely related to their microstructures. One most well-known example
is the significant difference of the properties between the diamond and graphite,
which can be attributed to the difference of their atomic structures. Metallic nano-
particles also exhibit unique properties compared to bulk metals. Their size, shape
and ordered assembly-dependent nature make them versatile and attractive for
applications including catalysis [4], sensing [5], drug delivery [6], imaging [7], data
storage [8] and bio-medicine [9]. For example, gold nanoparticles are ideal materials
for bio-imaging applications owing to their biocompatibility, low short-term toxicity
as well as high absorption coefficient for electromagnetic radiation and physical
density [10]. But their fluorescence intensity and light absorption are size dependent,
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with the surface plasmon resonance being red shifted from 517 nm to 532 nm when
particle size increases from 10 nm to 50 nm [11]. Another example is Ni nanoparticles
utilized as catalysts for the nucleation and growth of carbon nanotubes (CNTs). It is
reported that the formation rate of CNTs depends inversely on the Ni nanoparticles
size, and no CNTs are formed by particles with diameters larger than 7 nm [12, 13]. In
addition to particle size, crystalline facets also proved to affect the photoexcitation
performance of Ag nanoparticles, in which oxygen is shown to exist in molecular form
on the (111) crystalline surface but is dissociated into atomic form on both (100) and
(110) surfaces [14].

In the past few decades, many efforts have been devoted to fabricate metallic
nanoparticles with controllable size, shape and structures, aiming to understand
how those parameters affect the properties of nanoparticles, and ultimately, to tailor
them for specific applications. On the other hand, such extensive studies also result
in a variety of novel or already well-established methods for metallic nanoparticles
synthesis. Generally they can be subdivided into two categories: The first one consists
of physical approaches such as evaporation/condensation [15], sputtering [16],
milling [17] and laser ablation [18]. The second one includes chemical methods
such as colloidal route [19], sol-gel [20], microemulsion [21] and solvothermal route
[22], in which metal ions are reduced in solutions to form small metal clusters or
aggregates. However, physical approaches always implement time/energy consum-
ing procedures and take place in in an inert atmosphere, requiring substantial
equipment and operation costs. By contrast, chemical methods are relatively simple,
low-temperature operation and easily to be controlled. Fine quality products can be
produced when the starting materials are properly chosen and processes are well
controlled. One inevitable problem is the introduction or generation of byproducts
(e. g. surfactants, catalysts, reductants and stabilizers) which requires subsequent
purification steps after the synthesis. Meanwhile, the majority of present chemical
techniques are lab scale batch processes, while the upscale toward industrial man-
ufacturing with retaining product quality represents very challenging task [23].

Plasma is considered as the forth state ofmatter which is generatedwhen gases are
partially or fully ionized, being characterized by complex collective behavior in the
external or self-induced electromagnetic field [24, 25]. It contains charged particles
such as electrons, positive and negative ions as well as neutral atoms, which can be
chemically radicalized by the dissociation processes and exist in various excited
electronic and rovibrational states. Plasma is electrically conductive as well as plasma
bulk tends to be electrically quasi-neutral; however, at certain conditions a volumetric
charge is formed [26]. Generally plasma is categorized into two main groups: the high-
temperature plasma (HTP, e. g. fusion plasmas) and the low-temperature plasma (LTP,
e. g. gas discharges) [24]. In HTP gas is fully ionizedwith the characteristic temperature
in the order of ~107 K while in LTP the temperatures are considerably lower and the
typical degree of ionization is below 1%. The LTP can be furtherly subdivided into
thermal plasmas (the temperature of all species is the same, ~104 K) and non-thermal
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plasmas (the temperatures of different species are different, in which electrons have
sufficiently high temperature to maintain ionization balance while heavy particles
such as ions and neutral species are at the temperature of few hundreds K or lower),
as shown in Table 2.1. Compared to HTP and thermal plasmas, non-thermal (or non-
equilibrium) plasmas exhibit higher selectivity and are the most widely used plasmas
for different applications. This is because high energy electrons give rise to inelastic
collisions, leading to a “chemically-rich” environment, while the bulk temperature
remains relatively low, making it attractive for various practical applications [24].

Starting from the traditional applications such as ozone generation, light sources, thin
film deposition and etching [28–30], with the development of plasma technology, it has
been expanded to a wide range fields such as methane reforming [31, 32], VOC decom-
position [33–35], CO2 conversion [36–39], surface functionalization [40], medical
treatment [41, 42]. There are also a large number of researches focusing on the plasma-
assisted nanomaterial synthesis, primarily driven by their fascinating properties.
Plasma-enhanced chemistries, in which charged particles, excited states and radicals
are expected to play a role in the nanofabrication process, differ essentially from tradi-
tional solution based media. In the non-thermal plasma the electrons gain energies in
the range of ~ eV from the electric field,which are sufficient to initiate chemical reactions
by collision with precursor compounds [43]. Therefore, these processes are inherently
solvent and ligand-free, enabling the synthesis of high puritymetallic nanoparticles [44].
Meanwhile, the energetic electrons also make it possible to produce composition-adjus-
table metal alloys with “chosen” properties such as the crystallinity and morphology
[45], in some cases plasma-enhanced chemistries enable reactions which are hardly
realizable in mild ways [46]. The non-thermal plasmas offer certain benefits for metal
nanoparticle synthesis. On the one hand, they provide a highly reactive condition for
metal atoms nucleation, in which precursors are dissociated rapidly via impact with
electrons, excited heavy particles, radicals and UV radiation generated in plasma. At the
same time gas (and substrate) temperature is still low, allowing the use of temperature
sensitive precursors and limiting the aggregation of metallic nanoparticles [46, 47]. It
should be noted here that plasmaswhich are closer to thermal equilibrium such as arc or
microwave discharges can offer certain advantages for bulk production of nanoparticles

Table 2.1: Plasma classification in terms of radical temperatures [27].

Low temperature plasma (LTP) High temperature
plasma (HTP)

Thermal plasma Non-thermal plasma
e. g. arc plasma at normal
pressure

e. g. low-pressure glow discharge,
corona, DBD plasma, plasma jets

e. g. fusion plasmas

Te≈Ti≈T≤ ~104 K Ti≈T≤~300 K Te≈Ti≥ ~107 K
Ti «Te ≤ 105 K
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at the cost of somewhat less precise process control. In such systems thermal decom-
position of precursor will likely to take place. Moreover the high concentration of low
energy electrons can contribute to the enhancement of plasma chemistry stimulated by
vibrational excitation, this, in turn, can reduce production energy cost [48].

Although in past years significant progress has been achieved in plasma-assisted
metallic nanoparticles fabrication, several challenges still need to be solved. Currently
most of the reported processes operate at low pressures, requiring expensive vacuum
equipment and are not ready for industrialization. Safety concerns are also involved
due to the high voltages as well as the high reactivity ofutilized precursors, plasma
species and metallic nanoparticles. Additionally, process-relevant microscopic and
macroscopic parameters in plasma such as electron density, electron energy, tempera-
ture, current density and reduced electric field often have non-uniform spatial dis-
tribution, leading to the difficulty to provide homogenous conditions for particle
nucleation and growth. As a result, the obtained metallic nanoparticles are commonly
characterized by wide size distribution and partial agglomeration [49, 50].

New experimental findings, reported recently, provide increasing evidence that the
confining of plasmas to small dimensions will lead to new physical behaviors [51–53].
Due to the increased surface-to-volume ratio and the decreased electrode spacing of
plasmas at small dimensions, the electric field distributions are changed. As a conse-
quence, the plasma physical structures and the energy distribution of the species (e. g.
electrons, ions, neutrals, and radicals) are also affected. According to the Paschen’s
law, the breakdown voltage of a certain gas discharge is a function of the pressure and
the characteristic length of the discharge [54, 55]. Thus it becomes possible to ignite and
sustain the confined microplasma at high pressures even at the atmospheric pressure
by applying a relatively low voltage. As indicated by Mariotti et al., with the decreasing
spatial size, plasmas operated at a constant pressure undergo a transition from thermal
equilibrium to region characterized by thermal instabilities, and ultimately, to a non-
thermal equilibrium state [56]. Therefore, by controlling the operation parameters such
as pressure, gas composition, input power and electrodes distance, plasma can be
maintained at non-equilibrium state even at ambient pressure [56].

As a special category of plasma being confined within submillimeter scale in at
least one dimension, microplasma has attracted tremendous interests for nanofabrica-
tion due to their unique characteristics [49]. In general, it employs beneficial properties
of the atmospheric pressure gas discharge in microscale geometry for various plasma-
enabled processes, resulting in a new and facile branch of applied plasma science.
Several key advantages of microplasma-assited nanofabrication were summarized by
Mariotti D and RM Sankaran: high pressure chemistry, continuous-flow, microreactor
geometry and self-assembly/organization [56]. From a cost-efficiency standpoint, the
atmospheric pressure operation of microplasmas allows saving of the significant costs
associated with maintaining vacuum and using complex transfer chambers [57]. From
the process efficiency perspective, microplasmas are characterized by higher densities
of radicals, resulting in higher rates of plasma-chemical reactions and, in case of
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nanomaterials synthesis, leading to improved efficiency in particle nucleation and
growth. Meanwhile, since themicroscale geometry ensures a short residence time with
a narrow residence time distribution (RTD) for precursors, the obtained nanoparticles
are relatively smaller and have narrower size distributions compared with bulk plasma
processes. In addition, the safety risks are much reduced when operating in micro-
scale, especially when handling toxic materials. Based on these reasons, microplasma
is becoming an emerging technique for nanofabrication, and a growing number of
researches have been carried out in recent years focusing on its application in metallic
nanoparticles synthesis. For a general overview, the advantages and drawbacks of
different approaches for metallic nanoparticles synthesis are summed up in Table 2.2.

Despite a series of researches were carried out to fabricate nanomaterials by the
microplasma technique, with some review articles being reported [46, 52, 56, 61], to
our best knowledge, there is still no publication on reviewing the microplasma-
assistedmetallic nanoparticles synthesis. The present work, for the first time, focuses
on the state of art of metallic nanoparticles synthesis by microplasmas. In the first, it
reviews the existing microplasma systems as well as the characterization techniques
for the microplasma dissociation process and the obtained metallic nanoparticles.
Afterwards, a broad category of common metal nanoparticles is presented, with the
possible mechanisms being discussed. Then this is followed by a brief introduction of
critical safety considerations. Finally, we also point out the related challenges that
need to be overcome and suggest feasible solutions and future perspectives for the

Table 2.2: Main methods for metallic nanoparticles synthesis and their advantages and drawbacks
[46, 58–60].

Methods Advantages Drawbacks

Physical
methods

Easy to execute High energy consumption
Large quantity production Huge costs for equipment and operation
Well-controlled particle
interspacing

Chemical
methods

Controllable particle size, shape
and morphology

Long reaction time

Narrow size distribution Difficult to control the process
High purity, simple, reproducible Toxic chemicals involved

Conventional
plasmas

Simple, clean, efficient and
flexible

Requires low pressure or high temperature

Products with chosen
constituents

Expensive reactors, safety concerns Particle with
broad size distribution

Microplasmas Atmospheric pressure operation Low throughput, small deposition area, but can
Simple, efficient, safe,
economical

be solved by plasma arrays

High uniformity of the products
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industrial-level production ofmetallic nanoparticles bymicroplasma. Themotivation
of this work is to provide readers all the necessary information of this facile techni-
que, including the detailed reactor configurations, characterization methods, repre-
sentative examples and recipes, mechanism discussions, challenges and possible
solutions, which may help to guide them in the process design for metallic nanopar-
ticles production with desired properties using this novel approach.

2.2 Microplasma systems for metallic nanoparticles synthesis

So far a broad range of microplasma systems have been developed and applied for
nanofabrication. To give a better overview of the existing microplasma systems,
Table 2.3 provides a summary of reported configurations that have been used for

Table 2.3: A summary of microplasma systems used for nanomaterial synthesis.

Microplasma
configuration

Power sources* Generated products** Ref.

Hollow-electrode
microdischarges

CCP./15–35 kHz CNTs [62]
DC/1–20 mA, 500–700 V CuO/PdO/NiO NSs [63]
DC/0–10 kV Si NCs, Ni/Fe/Cu/Pt NPs, TiN

NPs NixFe1−x NPs, NixFeyCu1−x-y
NPs

[64–67, 88,
125, 126, 132,

134, 157]
Microplasma
jets with exter-
nal electrodes

DC/38 kW (700 A/55 V) Al2O3 NPs [68]
ICP./CCP.450 MHz,
20 ~ 30

Fe/Ni NPs [69, 90]

kHz Si NPs [70]
ICP./CCP.144 MHz CNTs, C NSs [71, 92]
CCP./13.56 MHz, 450MHz TiO2 NPs, TiC/TiN NSFs [72–74]
CCP./13.56 MHz, 430 MHz

Microplasma
jets with con-
sumable
electrodes

ICP./CCP.450 MHz C-NPs, CNTs [75]
CCP./450 MHz Fe/Cu/Au/Mo/ MoO3/ WOx NPs [76, 77, 78,

79,
CCP./14 MHz Ni NPs, CNTs 97, 98]

[80]
Plasma–liquid
systems

ICP./0–10 kV Ag/Au/Ni/Ti/Ir/ CuOx/Fe3O4

NPs,
[105], 106,

CCP./2.45GHz Si NCs, CNTs 136,
CCP./15 kHz, 30 kHz Zn/ZnO NPs 157, 158, 159,

160, 161, 162,
163, 164, 165]

CCP./13.56 MHz Ag/Au NPs, Tin, Fe [81]
C NS [82–85]

[86]

*CCP. = capacitive coupling plasma; ICP. = inductive coupling plasma; DC = DC plasma
**NP = nanoparticles; NS = nanostructures; CNTs = carbon nanotubes; NSF = nanostructured films.
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nanofabrication, together with the relevant power sources and target products.
These systems not only illustrate the versatility of microplasma sources but also
reflect the high degree of flexibility in processing parameters. The classification of
microplasma systems is diverse, based on the aspects such as the plasma power
source (excitation frequency), electrode geometry, power coupling method, pre-
cursor injection way, target products and so on.

In this work, according to their general configurations, we divide the micro-
plasma systems for metallic nanoparticles synthesis into four main categories:
hollow-electrode microdischarges, microplasma jets with external electrodes,
microplasma jets with consumable electrodes and plasma–liquid systems.
Generally for the first three plasma systems, nanoparticles are generated in the
gas phase, while in the fourth plasma system nanoparticles are obtained in the
liquid phase. It should be noted that the classification is not rigid, since mixed
cases can be used.

2.2.1 Microplasma-assisted process for metallic nanoparticles synthesis
in the gas phase

2.2.1.1 Hollow-electrode microdischarges
Among microplasma systems hollow-electrode microdischarges are relatively simple
and easily to operate. They use DC powers coupling to sustain the plasmas, which is
considerably less expensive and easier to implement compared to pulsed plasmas.
Generally a hollow capillary functions as one electrode as well as the gas guiding
tube, in whichmetallic precursor vapors are diluted and transported by a flow of inert
gas such as argon or helium. Meanwhile, another capillary or mesh is used as the
counter electrode, with an interelectrode distance of 1 ~ 2mm. Both electrodes are
connected to a DC power supply, and the plasma is formed in the gaseous gap
between the electrodes. An electrostatic precipitator or a filter is installed down-
stream of the aerosol to collect the obtained products.

A typical configuration of hollow-electrodemicrodischarges is shown in Figure 2.1,
where nickelocene vapors were used as the precursor to produce Ni nanoparticles in a
continuous and solvent-freemanner [87]. In this study the plasmawas formed between
a stainless steel (SS) capillary tube (O.D. = 1.6mm, I.D. = 500 μm) and a SSmesh (Warp
Weft opening: 500 × 500 μm), with a gaseous gap of 2mm. A commercial DC power
supply was used to generate and sustain the plasma. The plasma voltage had a
constant value of 210 V, while the current varied from 6.0 ~ 16.2 mA. Therefore, the
influence of plasma power on the obtained products could be investigated.
Meanwhile, the nickelocene vapor concentrations could be controlled by adjusting
the dilution ratio in Ar, while the total gas flow through plasma volume was kept
constant. Thus the influence of the precursor concentration could also be studied.

Another representative configuration demonstrated by PA Lin et al. is shown in
Figure 2.2 [88], in which various organometallic compounds (nickelocene, ferrocene,
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copper acetylacetonate and platinum acetylacetonate) were employed to produce
metallic or multi-metallic nanoparticles. In this research two SS capillary tubes (O.D.
= 1.6mm, I.D. = 180 μm) were used as the cathode and the anode. After subliming the
corresponding metallic precursors, they were carried into the plasma zone by the
separate gas lines in continuous argon flows. In all experiments the total gas flowwas
kept constant at 100 sccm, and the gas flow rates in different precursors lines were
individually controlled by mass flow controllers. In this manner metallic nanoalloys
of tunable composition were produced by varying the relative gas flow rate in
precursor and dilution gas lines. The size and size distributions of the generated
nanoparticles were measured in situ by a scanning mobility particle sizing system.

The described hollow-electrode microdischarges are operating at atmospheric
pressure, with the characteristic interelectrode distance of few mm. For this experi-
mental arrangement the typical plasma voltage and current for a model case of
metallic nanofabrication process is kept at the level of hundred V and several mA.
Therefore, metallic nanoparticles can be obtained at very low power consumption. In
addition, due to the extremely small reaction zone, the residence time of precursor
vapors in the plasma is very short. It is calculated to be in the order of ~10–4 s for two
configurations shown above, derived from the total gas flow rate, tube size as well as
electrode distance. As a consequence, the generated nanoparticles are ultra-fine and

DC power supply

Ballast resistor

Quartz tube

Substrate

Plasma

Anode mesh

Cathode

Ar + Ni(C5H5)2

Micro reactor

Figure 2.1: Schematic diagram of the hollow-electrode microplasma reactor for the continuous
synthesis of Ni nanoparticles. Reprinted with permission from [87], copyright 2017 Wiley-VCH.
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have relatively narrow size distributions compared to other types of microplasmas.
Chiang and Sankaran have shown that in certain cases Fe/Ni nanoparticles with a
mean particle diameter of 2.87/3.11 nm and a standard deviation of 1.12/1.16 were
synthesized by the hollow-electrode microdischarges [89]. Despite the ability to
produce ultra-fine metallic/multimetallic nanoparticles with extremely narrow size
distributions by the hollow-electrode microdischarges, several issues still need to be
solved: (1) In such configuration, the generated nanoparticles are easily accumulated
on the electrodes. Once operated for a relatively long time, the current and voltage
may experience an increasing fluctuation trend, resulting in unstable conditions and
unreproducible products. (2) Due to the electrode material erosion and sputtering,
metal contaminations may exist in the products. (3) Owing to the small inner
diameter of the capillaries, it is only allowed to use the gaseous precursors to avoid
the blocking problem. Thus the carried precursor quantities are rather limited,
leading to quite low throughput of each processing.

2.2.1.2 Microplasma jets with external electrodes
To solve the problems encountered in the hollow-electrode microcharge systems,
microplasma jets with external electrodes are proposed and applied for metallic
nanoparticles synthesis. In this configuration the plasmas are totally or partially
confined in dielectric (e. g., quartz) capillaries or tubes, and are mostly sustained by
radio frequency (RF) powers inductively or capacitively coupled by external electro-
des outside the capillaries or tubes. The external electrode configuration implies AC
or pulsed power coupling, while the frequency and shape of applied voltage in
principle may vary in a very broad range, from tens of Hz to GHz region. Precursors
are directly injected or carried by gas flows into the plasmas, either inside or outside
the capillaries (tubes). The obtained nanoparticles can be collected by depositing
onto substrates downstream the gas flows or by flowing through proper solvents.

Figure 2.3 shows several emblematical examples of microplasma jets with exter-
nal electrodes for metallic nanoparticles synthesis [61]. In general, the capillary/tube
is made of quartz for diagnostic purposes. However, sometimes alumina or other

Ground/ Floating

(d)(c)(b)(a)

Power supply
(High/low Freq.)

Figure 2.3: Schematic diagram of the microplasma jets with external electrodes. Reprinted with
permission from [61], copyright 2009 IEEE.
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metals are also adopted. To confine the plasma into a submillimeter spatial scale, a
typical internal diameter of the capillary/tube is in the range of 0.3 to 0.7mm. The
microplasma can be generated and sustained by purely inductive (Figure 2.3(a)),
purely capacitive (Figure 2.3(b) and (d)), or hybrid (Figure 2.3(c)) power-coupling
mode, with the frequency varies from low (e. g. ~ 20 kHz) to high (e. g., 450 MHz)
range. Plasma gases (Ar, N2, He, H2 or several mixtures thereof) are flown through the
capillary/tube vessel, with characteristic flow rate of 50–100 sccm. Due to the flex-
ibility of the configuration, the metallic precursors can either be transported through
the tube or be placed outside the tube in direct contact with the microplasma jet,
allowing for a wide range of nanoarchitectures/nanostructures to be produced.

Another example of microplasma jets with external electrodes is illustrated in
Figure 2.4, where a plasma jet was totally confined inside a DBD reactor to produce Ni
nanoparticles from nickelocene vapors [90]. In this study, two types of DBD reactor,
with or without a gas injection capillary, were applied in order to control and study the
particle nucleation and growth. Both reactors consisted of a quartz tube (O.D. = 6mm,
I.D. = 2mm) with powered electrodes outside the quartz tube. The plasmas were
ignited and operated at steady state by an AC power supply. Copper tapes with the
width of 3–4mmwerewrapped around the exterior of the quartz tubes and operated as
the powered electrodes. The discharge was sustained at the frequency of 20–30 kHz
with peak-to-peak voltage of ~8 kV, being measured by a high voltage probe.

Powered Cu
ring

Powered Cu
ring

Ar

(a) (b)

+

Ni

Ar
+

Ni

10 mm 10 mm

Microplasma MicroplasmaGrounded
W wire

Grounded
W wire

Figure 2.4: Schematic illustration and photos of a totally confined microplasma jet (DBD) with
external electrodes: (a) without and (b) with a capillary gas injection for Ni nanofabrication. Reprinted
with permission from [90], copyright 2015 IOP Publishing.
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Nickelocene vapors of different concentrations (0.21–0.94 ppm) were carried into the
plasma zone by an argon flow of 100 sccm flow rate. The generated nanoparticles were
collected by a 40 μm pore size Teflon filter placed at the gas effluent of the reactor.

For microplasma jets with external electrodes, there is no direct interaction
between plasma and electrode materials, thus eliminating possible contaminations.
Meanwhile, the process has larger operational space, since a wider range of proces-
sing parameters can be set and tuned, such as precursor’s ratio, the power coupling
mode, the applied voltage frequency, precursor residence time and so on. In terms of
precursors, this type of plasma has more flexibility. Due to the possibility to confine
the plasma jet either partially or totally within the tube, in principle, metallic
precursors can be gases, liquids or even solids, as long as the jet is appropriately
positioned. There is even a study using supercritical CO2 as the precursor in a DBD
microplasma jet to show that supercritical fluids can also serve as alternative pre-
cursors [91]. Another distinct advantage is the possibility to apply microplasma jet,
installed on the positioning stage, in the fields where local/on-site “dry-process”
production of well-defined nanostructures is required i. e. printing-like technologies
[51, 92–96]. However, disadvantages also exist for this plasma system. In comparison
to the hollow-electrode microplasmas, for jet configuration with external electrodes,
the plasma typically occupies larger volume, therefore, the nanoparticles tend to
grow larger and have broader size distributions. Moreover, the RF electronics, used in
the majority of configurations with external electrodes, are relatively expensive,
complex and need matching networks, leading to increased overall costs.

2.2.1.3 Microplasma jets with consumable electrodes
There is also a type of microplasma jet using consumable metal wires as an electrode
to produce metallic nanoparticles. In this configuration generally ultra-thin metal
wires with a characteristic diameter size of 50–100 µm are inserted into the tubes and
act as sacrificial metallic precursors. Plasmas are formed at the end of the electrode
and are partially or entirely confined in quartz or alumina tubes. High-frequency
powers are coupled outside the tubes to sustain the plasmas. Inert gases such as
argon or helium flow into the tube as the plasma gas and at the same time preventing
the oxidization of the obtained products. The generated products can be collected by
placing a substrate under the consumed wires.

The model case example which demonstrates such a plasma configuration is
shown in Figure 2.5, proposed by Shimizu et al. to synthesize Au nanoparticles [97].
In this system a consumed Au wire of 100µm diameter, inserted into a quartz capillary
(O.D. = 1.2mm, I.D. = 800µm), was used as the metal source. A flow of H2/Ar gas
mixture was fed into the capillary at a 200 sccm flow rate. A UHF (450 MHz) generator
was applied to a 20-turn brass coil outside the tube to generate themicroplasma jet. The
pulse frequency was varied from 50 to 100 Hz, while the time-averaged power was kept
at 0.8 W. After the ignition of the plasma, the Au wire was heated and melted due to
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thermal conduction from the plasma jet as well as the inductive heating. Then the Au
droplets produced by atomization of the consumed wire were carried away by the gas
flow and deposited on a glass epoxy plate 5mm downstream to form Au nanoparticles.

Another example of the microplasma jet with a consumable wire electrode is
shown in Figure 2.6 [98]. In this structure an argon flow of 20 sccm flow rate was

Plasma gas

Metal tube

Coil (20 turn)

UHF (450 MHz)
power supply

Matching
circuit

Consumable
metal wire

Micron
quartz nozzle

Quartz tube (I.D. 1.1mm)

(Ar)

Figure 2.5: Schematic diagram of the microplasma jet with a consumable Au wire to produce gold
nanoparticles. Reprinted with permission from [77], copyright 2006 Elsevier.

Matching
Network

Silicon
substrate

Molybdenum
wire

Plasma

Metal support
HV Power

Supply

Quartz glass
capillary

Copper
electrode

UHF Power
Supply

Figure 2.6: Schematic diagram of the microplasma jet with a consumable molybdenum wire to
synthesizeMometallic nanoparticles. Reprinted with permission from [98], copyright 2007 American
Vacuum Society.
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injected into a quartz capillary (O.D. = 1mm, I.D. = 700µm) at the top of the system. A
high-frequency power supplywas coupled to a copper electrode (2 cm× 2 cm) through a
matching network to sustain the plasma. Meanwhile, a silicon substrate of a 0.625mm
thickness was placed on the top of the copper electrode for the deposition of metallic
nanoparticles. A molybdenum wire of 0.1mm diameter was inserted into the capillary
and functioned as the sacrificial metal source. The plasma power was set to 31 W, and
ignited by a high voltage pulse (~5 kV) applied to the Mo wire. Under the impact of the
plasma, the molybdenum wire was consumed to form Mo metallic nanostructures.

Microplasma jet with consumable wire electrodes is a special category of micro-
plasma systems. With such a configuration it is possible to produce a broad range of
metal nanoparticles and even nanoalloys, only by changing the relevant metal wires.
Another attractive feature is that by feeding oxygen, nitrogen or organic compounds,
this microreactor design can be applied to fabricate metal oxides, nitrides or metallic
nanoparticles embedded in polymer coatings. Moreover, the product properties can
be controlled and tuned “in-flight” by controlling processing parameters, such as the
gas composition, plasma power, gas feeding rate and so on. To ensure the continuity
of the nanoparticles production, a feeding mechanism for consumable thin wire
should be provided. Possible limitation in the process control can be caused by the
temperature gradient and the consequent non-uniform volatilization rate of themetal
wire, resulting in larger sizes as well as in broader size distributions of the obtained
nanoparticles.

2.2.2 Microplasma-assisted process for metallic nanoparticles synthesis in the
liquid phase

Plasma–liquid interaction is a multidisciplinary topic including physics, chemistry,
electrical and materials science being fundamentally different from classical systems
with solid electrodes and liquid electrolytes [99]. A series of complex physical and
chemical reactions as well as transfer processes involve in the plasma–liquid systems,
which are schematically illustrated in Figure 2.7. In past decades, with the development
of nanoscience and the emergence of various reactors based on plasma–liquid interac-
tions, an important question was naturally raised: Can charged radicals be transferred
between plasmas and electrolytes to enable chemical or electrochemical reactions and
to produce nanoparticles of controlled properties in the plasma–liquid systems [55]?
The pursuit of the answer to this question attracted significant academic research from
different fields, and many studies were carried to investigate this fascinating concept.

Nowadays various plasma–liquid systems have been designed and explored to
synthesize metallic nanoparticles in the liquid phase. According to the plasma config-
urations or generation methods, they are divided by Bruggeman et al. into the four
types, with characteristic plasma properties provided in Table 2.4 [100]. In this section,
we simplify the classification and based on whether the plasma contacts the liquid or
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Figure 2.7: Schematic overview of the important transfer processes in the plasma–liquid systems.
Reprinted with permission from [115], copyright 2012 IOP Publishing.

Table 2.4: Main plasma–liquid systems for nanoparticles synthesis in the liquid phase and their
typical plasma properties. Reprinted with permission from [100], copyright 2016 IOP Publishing.

Direct liquid
discharges

DC air glow
discharges

Pulsed jet
(non-
touching)

Filamentary
DBD (single
filament)

Medium/gas Water Humid air He-Ar Air
Plasma generation time 1–10s µs Continuous 10–100 ns 1–10 ns
Electron density (m−3) 1024–1026 1018–1019 1019–1020 1019–1021

Pressure (bar) 104 (peak) 1 1 1
Gas temperature (K) 1000–7000 2000–3000 300–400 300–400
Ionization degree 1–10−3 10−5–10−7 10−5–10−6 10−5–10−6

Energy/power 1 J per pulse 5–100 W <10 µJ per
pulse

<10 µJ per
pulse

Power density ≤1015 W m−3 ~106 W m−3 <1012 W m−3 <1012 W m−3

Current ~1 A 5–100 mA 2–10 mA
peak

<100 mA

Electron temperature (eV) 1 (close to LTE) 1–2 1–2 2–3
Electric field (kV cm−1) ~103 1 (in positive column) 1-10 10–100
Ion density at interface (m−3) 1024 1018–1019 ≤1016 1020–1021

UV (m−2s−1) Broadband UV
emission

Strong UV (NO(A-X),
OH(A-X), N2(C-B))

5 × 1022 5 × 1023

Radical density (m−3s) ~1024 1021–1023 1019–1021 1020–1021

Reactive species flux (m−2 s−1) Extremely large
gradients

1023–1025 ~1021–1023 ~1022–1023

Flow effects Shockwaves Thermal convection Forced flow Convective

Notes: These values are estimates as a guide to typical plasma conditions.
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not, we subdivide the plasma–liquid systems into two categories: indirect contact
plasma–liquid systems and direct contact plasma–liquid systems. Representative
examples will be provided in each category to illustrate their configurations and how
they are applied for metallic nanoparticles synthesis.

2.2.2.1 Indirect contact plasma–liquid systems
Indirect contact plasma–liquid systems refer to the configurations where plasmas are
formed in the gas phase above the solution surface. Usually one electrode is in the
form of “pin” or with a sharp “edge” and positioned in the gas phase within a
distance of few mm above the liquid electrolyte, while the other electrode is
immersed inside the electrolyte and can be in various shapes. Power supplies of
different frequencies ranging from dc, kHz, MHz and even up to GHz range are
coupled to the electrodes to excite and sustain the plasma [101]. In this configuration
the discharge is generated between the upper electrode and the electrolyte surface,
and the metallic precursors dissolved in the electrolyte will be reduced to form
metallic nanoparticles by interaction with plasma-formed charged particles and
radicals. With few exceptions including ionic liquids, such plasma systems are
operated at atmospheric or higher pressures [102–104].

A typical example of the indirect contact plasma–liquid system is shown in
Figure 2.8, where the HAuCl4 solution (0.2mM) was used as the electrolyte to produce
gold nanoparticles [105]. In this research a SS capillary tube (I.D. = 175 μm, Length = 5
cm) was used as the cathode and positioned 2mm above the electrolyte surface. A Pt
foil (Area = 1 × 1 cm2, thickness = 0.001 inch) functioned as the anode andwas placed 3
cm away from the cathode. Both electrodes were connected to a DC high voltage power
supply, and plasmawas formed between the capillary tube and the electrolyte surface.
For each operation a helium flow at 25 sccm gas flow rate was coupled to the capillary

He gas flow

Au NPs

Pt

(b)(a)

Anode

Plasma
Cathode

Resistor

Capillary tube

DC

Figure 2.8: The experiment setup of the indirect contact plasma–liquid system (a) and its schematic
(b) for preparing Au nanoparticles. Reprinted with permission from [105], copyright 2014 Springer.
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acting as the plasma gas. 10 ml of HAuCl4 solution was placed in a petri dish for the
plasma processing. A 0.01M fructose was added to prevent uncontrolled particle
growth and agglomeration. Meanwhile, processing parameters such as solution tem-
perature, current, and rate of stirring were adjusted to synthesize Au nanoparticles of
controllable size and morphology. In addition to Au nanoparticles, this microplasma
configuration has also been employed for the synthesis of other metallic nanoparticles
such as Ag [93, 106], Pt [107, 108] and even alloys such as AuxAg1-x [109], AuxPt1-x [110].

An alternative promising approach is to use ionic liquids as electrolytes in the
indirect contact plasma–liquid systems. Given the unique physicochemical properties of
ionic liquids, such as high thermal stability, excellent ionic conductivity, low viscosity
and extremely low vapor pressures, they can be beneficial in comparison to aqueous
solutions [111–113]. Another distinctive advantage of this electrolyte type is its wide
electrochemical window (up to 7 Volt), enabling electrodeposition of the elements such
as Ge, Si, Se, Al and many others that cannot be obtained in aqueous solutions [103].

In the study of Meiss et al. [103], a solution of AgCF3SO3 and 1-butyl-3-methylimi-
dazolium trifluoromethylsulfonate ionic liquid ([BMIm][TfO]) was used as the electro-
lyte for the liquid phase synthesis of Ag nanoparticles in a glass tube (I.D. = 2.5 cm). The
solution typically contained 0.3 g of AgCF3SO3 in 10mL ([BMIm][TfO]). The anodewas a
platinum sheet (1 cm×1 cm), immersed inside the ionic liquid, while the cathode was a
platinum hollow cylinder (Diameter = 0.75 cm, Length = 1.5 cm), placed in the gas
phase above the ionic liquid (Figure 2.9). Before each operation the reactor was
evacuated, while the processing was carried out in the argon atmosphere at 1 mbar
gas pressure. During the experiment the current was set at 10 mA, and the voltage
stabilized at 470 V. Within several minutes of operation a formation of black reaction
products was visually observed at the interface between plasma and ionic liquid,

Gas Mixing
(Ar, O2, N2)

Massflow and
Pressure Control Plasma

+

+

–

–

Ar+

Xy-

e-

Me+

Vacuum Pump
Ionic Liquid

Solution

DC Power Supply
(max. 10 kV, 10mA)

Figure 2.9: The indirect contact plasma–liquid system using ionic liquid as the electrolyte to prepare
silver nanoparticles. Reprinted with permission from [103], copyright 2007 Wiley-VCH.
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which were gradually dispersed and deposited at the bottom of reactor. Further
analysis indicated that the products consisted of crystalline Ag nanoparticles with a
characteristic size distribution in the range of 8–30 nm.

2.2.2.2 Direct contact plasma–liquid systems
Direct contact plasma–liquid systems refer to the configurations where plasmas are
generated within the liquid volume. In general, the addition of plasma gas (i. e. via
bubbling) is not necessary although can facilitate the discharge ignition. This type of
plasma is characterized by a large quantity of heat and a high yield of solvent-split
radicals generated in the solution. The precursor can be either metallic salts which
are dissolved in the water or other solvents to form the electrolyte, or metal wires
functioning as the consumable electrodes. The electrical discharge typically develops
inside self-generated or introduced gas bubbles with the operating pressure above
the atmospheric pressure. The most common electrodes configurations are in the
form of pin-to-pin or pin-to-plate geometries, with a characteristic interelectrode
distance of few mm. The discharges are usually produced by high voltage pulses
and referred as streamers or corona type. A common excitationmethod is bymeans of
discharging a capacitor where a short-rise-time switch (e. g. a spark gap) produces
microsecond pulsed discharges. Recently, more excitation methods such as high
voltage nanosecond pulses, radio frequency or microwave excitations were applied
to generate plasmas in the liquid phase.

One representative example is demonstrated in Figure 2.10, where Sn nanoparticles
were successfully synthesized by a direct contact plasma–liquid system. In this study the
tin chloride dehydrate (SnCl2∙2H2O) was used as the precursor for the Sn nanoparticles,
and the cetyltrimethylammoniumbromide (CTAB, CH3(CH2)15N(CH3)3Br)was used as the
surfactant. Both were dissolved in pure water to prepare the electrolyte. During each

Bipolar pulsed
power supply

Cooling circulator

Ceramic insulator

Tungsten wire

Optical emission
spectroscopy

Figure 2.10: The schematic setup and the photograph of the direct contact plasma–liquid system for
the synthesis of Sn nanoparticles. Reprinted with permission from [85, 114], copyright 2014 Elsevier,
2013 Materials Research Society.

2.2 Microplasma systems for metallic nanoparticles synthesis 67



operation a 300 ml electrolyte with tin chloride concentration of 2–4mM was added in
the reactor. Tungsten capillaries (Diameter = 2mm) coated by ceramic insulator were
chosen as the electrodes and fixed in the “needle-to-needle” configuration, with an
interelectrode gap of 0.2mm. A high-frequency bipolar pulse power supply was used to
generate the plasmas directly in the liquid phase in a double annular tube type reactor (I.
D. = 50mm, O.D. = 80mm, Height = 150mm). The applied voltage amplitude, pulse
width and repetition frequency were set at 250 V, 5 μs and 30 kHz, respectively. Under
the plasma treatment the Sn2+ was reduced to form the Sn nanoparticles.

Compared to other plasma-assisted metallic nanofabrication techniques, the
plasma–liquid systems are rather new and attractive. In these configurations the
discharges are spatially located either above the electrolyte surface or inside the
electrolyte, thus the bulk liquid still remains undisturbed. The generation of
plasmas in the liquid will have additional confinements due to higher density
of liquid, which may offer potential routes to prepare metallic nanoparticles
[101]. Furthermore, in liquids the plasma-induced heat flux can be rapidly dis-
sipated, ensuring a rather low temperature in the system. Therefore, the particles
nucleation and growth rate are limited, resulting smaller sizes as well as nar-
rower size distributions. Regarding precursor selection, numerous metal-contain-
ing chemical compounds can be chosen for the plasma–liquid systems, as long
as they have good solubility in solvents such as water, ethanol or ionic liquids.
Moreover, consumable metal electrodes can be also used as the precursors.
Therefore, a variety of metallic nanoparticles can be synthesized by this plasma
type. On the other hand, limitations also exist for the plasma–liquid system.
Since reactions take place in the liquid phase, and in some cases surfactants are
involved in the process, it is unavoidable to use post-treatment like washing,
filtering or centrifuging to purify the products. Additionally, the kinetics of
physicochemical processes in plasma–liquid system is very complex, due to the
existence of various species such as gaseous/solution ions, electrons or neutral
radicals. Nowadays, despite significant progress has been achieved in character-
izing the plasmas and understanding the mechanisms of charge transfer process,
it is still unclear how charged species, neutrals and metastable radicals are
transferred from the plasma to the liquid and vice versa [115]. Extensive studies
are required to fully understand the plasma–liquid transfer processes and reac-
tion kinetics.

In summary, we have demonstrated representative examples of common micro-
plasma configurations for metallic nanoparticle synthesis both in the gas phase and
in the liquid phase. It is shown that a wide range of metallic nanoparticles with
tunable properties can be synthesized by the microplasma-assisted technique using
various reactor arrangements. In order to provide a guideline for the process design
and for the selection of an appropriatemicroplasma system formetallic nanoparticles
synthesis, a brief summary of the advantages and drawbacks of each configuration is
provided in Table 2.5.
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2.3 Characterization methodologies and analytic techniques

In the past few decades, the development of new techniques leads to significant
progress in both the synthesis and characterization of metallic nanoparticles.
Intensive studies were carried out to optimize and control the processing para-
meters for assembling and tailoring properties of metal nanostructures to meet
specific application requirements, with the ultimate goal to understand how
metallic nanoparticle composition, size, shape, and ordered assembly affect
the key product properties. With the development of the nanotechnology and
instrumentation techniques, nowadays various complementary approaches to in
situ characterize the operating microplasma as well as to ex situ analyze pro-
duced nanoparticles are utilized. As a consequence, a better understanding of
the complex kinetics and the underlying mechanisms of the process was
achieved in recent years. Here the in situ characterization of the plasma-assisted
dissociation process will be firstly reviewed, followed by the introduction of the
complementary analytical methods for ex situ characterizing the synthesized
metallic nanoparticles.

Table 2.5: A summary of advantages and drawbacks of the microplasma systems for metallic
nanoparticles synthesis.

Plasma configurations Advantages Drawbacks

Hollow-electrode
microdischarges

Simple, safe, easy operation Low throughput
Low-power consumption Metal contaminations
Ultra-fine particle size, narrow size
distribution

Unstable conditions
after long time operation

Microplasma jets with
external electrodes

Efficient, flexible, high purity products Large particle size, broad
size distribution

Wide operational windows Expensive and complex
power supplyFlexible precursor choice (gas, liquid and

solid)
In situ deposition, i. e. printing, coating

Microplasma jets with
consumable electrodes

Simple, efficient, flexible, in-flight tuning
Various high purity metals

Large particle size, broad
size distribution

Feasible for oxides, alloys, nitrides
Plasma–liquid systems Flexible, efficient, simple and highly

confined
Post-treatment required

High radical density, low temperature Unclear mechanisms
Ultra-fine particle size, narrow size
distribution
Flexible precursors (salts, consumable
wires)
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2.3.1 In situ characterization of the microplasma-assisted precursors dissociation
process

The simplest and most convenient way to characterize the microplasma-assisted
precursor dissociation process is via the visual observation of the operating plasmas.
The atomic and molecular electronically excited states formed in the discharges will
emit light during radiative relaxation process. Meanwhile, since different species
have their specific excited states and emit lights of different colors (wavelengths), the
visual appearance of plasma can already provide direct and useful information about
the radical states existing in the plasma.

One example is shown in the Figure 2.11, in which Ni(Cp)2 and Cu(acac)2 vapors
were added into an argon microplasma to produce Ni and Cu nanoparticles [116]. For
Ni(Cp)2 no significant change in the plasma color was observed. By contrast, the
introduction of Cu(acac)2 into the plasma at the same condition resulted in a con-
siderably different plasma appearance with a greenish-blue color, suggesting that the
Cu containing precursor dissociated deeper than the Ni precursor. This conclusion,

20% v/v Cu(acac)2 in Ar
4 mA

20% v/v Cu(acac)2 in Ar
8 mA

20% v/v Ni(Cp)2 in Ar
4 mA

Pure Ar
4 mA

(a) (b)

(c) (d)

Figure 2.11: Photos of microplasmas operated at the experimental conditions: (a) pure Ar with a
discharge current of 4 mA, (b) 20% v/v Ni(Cp)2/Ar with a discharge current of 4 mA, (c) 20% v/v Cu
(acac)2/Ar with a discharge current of 4 mA, and (d) 20% v/v Cu(acac)2/Ar with a discharge current of
8 mA. Reprinted with permission from [116], copyright 2012.
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based on direct visual observation, was further supported by the detailed analysis of
optical emission spectra.

Optical emission spectroscopy (OES) is a non-intrusive technique for plasma
diagnostics. It allows an identification of excited states and gives valuable informa-
tion of reactive species (e. g., excited ions, molecules, etc.) that exist in plasma [116].
In general, by recording the emitted spectrum and correlating the spectral features
with emission peaks of the precursor originated radicals, we can not only examine
the chemical components in the plasma but also have the detailed radiative transi-
tion information of the precursor fragments. Based on the intermediate radicals, it is
also possible to gain an insight into the complex precursor dissociation process in the
microplasma. The relative intensity distribution in the molecular emission bands can
be used as a convenient tool for the contactless gas temperature measurement. Since
the rotational temperature of the atmospheric pressure plasma can be regarded as an
approximation of the gas temperature, by fitting the experimental spectra profile of
certain rovibrational bands with the simulated ones (by i. e. SPECAIR model), the
plasma gas temperature can be estimated [117–120]. The second positive system (SPS)
of emission bands of nitrogen or the swan bands of C2 molecules has long been
utilized to extract information from plasma spectra [121–124].

Optical emission spectroscopy is widely applied for characterizing the plasma-
assisted nanofabrication processes [125–128]. One typical example is in the research
of Lin et al., where they used an atmospheric pressure argonmicroplasma to produce
iron nanoparticles with the ferrocene as the precursor [125]. The impact of discharge
parameters (ferrocene concentration, discharge power) on plasma characteristics
were in situ monitored by a spectrometer (HR4000, Ocean Optics, Inc.; spectral
resolution: 0.91 nm). The emitted light was collected by an optical fiber fixed at 20
mm distance from the microdischarge. Apart from the atomic Ar lines, the spectra
indicated the presence of different excited species originated by ferrocene dissocia-
tion (Fe, CH, C2, C3 and H), suggesting the decomposition of ferrocene vapors in the
argon discharge. Meanwhile, these line intensities and their ratios relative to the
argon lines were found to increase with the precursor concentration or the discharge
power, indicating the density growth of the corresponding excited species and a
higher precursor dissociation rate of the ferrocene vapors (Figure 2.12(a)). Moreover,
by fitting the C2 swan band in the range of 504–520 nm, the gas temperature
was estimated to be approximately 900 K at 1.05 W of the plasma power and 1100 K
at 2.27 W of the plasma power.

Another is example refers to the study of Sankaran et al., where a hollow-
electrode microcharge system was applied to dissociate organometallic vapors for
the synthesis of metallic nanoparticles such as Ni, Fe, Cu and Pt [127]. In this study
acetylacetonate components (copper acetylacetonate and platinum acetylacetonate)
as well as metallocene components (ferrocene and nickelocene) were chosen as the
precursors and dissociated at different conditions, which were in situ monitored by
an optical emission spectroscopy. Results showed that for themetallocene components
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no emission lines of the metal or carbon species were detected. By contrast, for the
acetylacetonate precursors dissociated at the same conditions, emission lines corre-
sponding to carbonaceous species have been clearly observed. It proved that metallo-
cene precursors were more difficult to be dissociated than acetylacetonate precursors,
which may be attributed to their mesomeric nature.

In addition to direct imaging and OES, another important technique for in situ
characterization of the particle formation process is the aerosol measurement for
determining the as-grown particle size and size distributions. It usually consists of a
differential mobility analyzer (DMA) and an ultrafine condensation particle counter
(CPC). The aerosol measurement is based on particle electrical mobility in the carry-
ing gas and corresponds to the projected area. Briefly, particles firstly flow into a
bipolar charger and are exposed to ionizing radiation from a sealed 85Kr β-source,
being positively or negatively charged. The particle electrical mobility is a function of
its projected area. Once they are directed into the DMA, particles of different sizes
have distinct trajectories. Therefore, by adjusting the applied voltage, nanoparticles
of a specific electrical mobility are transmitted and introduced into a CPC, where the
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Figure 2.12: (a) OES spectra recorded from discharges operated with different concentrations of
ferrocene vapors and plasma powers. (b–c) Experimental spectra and the corresponding SPECAIR
simulation of microplasma operated at plasma power of 1.05 W and 2.27 W. Reprinted with permis-
sion from [125], copyright 2017 Elsevier.
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concentration of classified nanoparticles is measured and counted [129–131]. The
combined operation of the DMA and CPC allows in situ monitoring the particle size
and size distributions with high speed and sensitivity, enabling the direct acquisition
of information during the microplasma-assisted particle growth process.

In the research of Chiang et al., ferrocene and nickelocene were used as the
precursors to prepare metallic nanoparticles and alloys such as Fe, Ni and FexNi1-x
[132]. A DMA-CPC system was used for the real-time measurement of particle size and
size distributions, as shown in Figure 2.13(a). Meanwhile, in order to prevent
Brownian coagulation of the nanoparticles, the aerosol exiting the microplasma
zone was immediately diluted by a N2 flow. Firstly Fe and Ni nanoparticles were
obtained at the samemetallocene vapor concentrations of 2.6 ppm. It is found that Fe
nanoparticles have a larger mean diameter (4.40 nm) than Ni nanoparticles (3.11nm).
The reducing of ferrocene concentration to 2.0 ppm led to Fe nanoparticles with
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Figure 2.13: (a) Schematic of the DMA and CPC system for the real-time characterization of the
generated nanoparticles; (b) Aerosol measurement results of the Ni and Fe nanoparticles with
precursor concentrations of 2.60 ppm in Ar and (c) Ni0.27Fe0.73 alloys as a function of total metallo-
cene concentration in Ar. Reprinted with permission from [132], copyright 2008 Wiley-VCH.
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similar mean diameter of 3.11nm. Afterwards, both ferrocene and nickelocene vapors
of various concentrations were introduced simultaneously into the plasma to prepare
FexNi1-x nanoalloy. The results showed that their size and size distributions could be
tuned by adjusting the total metallocene concentration. Therefore, the aerosol mea-
surement allows us tomonitor the real-time particle size and size distributions during
the microplasma operation, which in turn, rendering it possible to tune the product
properties “in-flight”.

2.3.2 Ex situ characterization of the generated nanoparticles

Asmotioned above, the product properties depend critically on themicrostructure, i.
e. the arrangement of the atoms (the atomic structure), the chemical composition, the
size and the shape [133]. In this section the ex situ characterization of the generated
nanoparticles is discussed regarding three general aspects which have essential
influences on their properties, including particle size, size distributions and mor-
phology; composition; crystalline structure. It is also important to know which
analytical instrument can provide specific information on certain aspects. For exam-
ple, transmission electron microscope (TEM) equipped with certain detectors can be
utilized to characterize the particle size, morphology, crystalline structures and even
chemical compositions.

2.3.2.1 Particle size, size distributions and morphology
In addition to the aerosol measurement for in situ monitoring the as-grown metallic
nanoparticle size and size distributions, TEM is the most commonly used instrument
for determining the particle size and size distributions. For TEM characterization an
electron beam is transmitted through an ultrathin specimen and interacts with it as it
passes through. An image is formed from the electrons transmitted through the
specimen. By magnifying and focusing the image using optical lens and transmitting
to imaging devices (e. g. fluorescent screen) or a CCD camera, the particles sizes and
shapes are directly observed, and the particle size distribution can be derived by
randomly sorting sufficiently large particle numbers. Short de-Broglie wavelength for
electrons enables the instrument to capture ultra-fine details at high magnifications,
even as small as a single column of atoms. In this manner the lattice fringes and
lattice space of metallic nanoparticle can be observed and calculated, which in turn,
helps to confirm their crystalline structure.

There are various methods to prepare metallic nanoparticles samples for TEM
analysis. The simplest way is to put a TEM grid downstream the aerosol, thus the
metallic particleswill directly deposit on the grid [127, 134]. Another commonmethod is
by dispersing a small quantity of the metallic nanoparticles into appropriate solvents
(distilled water, methanol, ethanol, etc.) and sonicating for a while. Then one or two
drops of the solution are casted on the TEM grid [135]. For the plasma–liquid system,
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since the metallic nanoparticles are generated in the liquid, the samples are prepared
by drop-cast the electrolyte directly on to the TEM grids [136].

In the study of Tran et al., Pt nanoparticles prepared by a plasma–liquid system
were studied in detail by the transmission electron microscopy [108]. Typical images
of the Pt nanoparticles at different magnifications are shown in Figure 2.14. It was
observed that the obtained Pt nanoparticles were not only small and uniform, but
also well distributed without any aggregation. Moreover, the HRTEM image shows
clear lattice fringes, and the lattice spacing was estimated to be of 1.96 Å, correspond-
ing to the (200) plane of the Pt nanoparticles. A size distribution histogram was
derived by randomly measuring 500 particles using the TEM images. The result
showed particles had a size range of 2–4 nm with a mean value of 3 nm.

In some cases, the size and size distributions of metallic nanoparticles are deter-
mined by the dynamic light scattering (DLS) technique [137–139]. It is a non-invasive,
well-established method for measuring particles typically in the submicron region,
and the latest technology allows themeasurement of nanoparticles smaller than 1nm.
The basic principle is simple: nanoparticles are dispersed or dissolved in a liquid and
illuminated by a laser beam. The Brownian motion of nanoparticles in the liquid
causes laser light to be scattered at different intensities, which is then detected at a
known scattering angle by a fast photon detector. Analysis of these intensity
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Figure 2.14: (a–b) TEM images of the prepared Pt nanoparticles; (c) HRTEM image of a typical Pt
particle; (d) particle size distribution obtained from 500 randomly selected particles in (a). Reprinted
with permission from [108], copyright 2014 Elsevier.
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fluctuations yields the Brownian motion velocity, and hence by using the Stokes–
Einstein relationship, the particle size is derived. Compared to the TEM, DLS techni-
que is more efficient while themachine itself is significantly less expensive. However,
it is sensitive for mechanical disturbance, has relatively low resolution, and requires
optically transparent specimens for the analysis [140].

For the particle morphology characterization, scanning electronmicroscope (SEM)
is themostwidely used instrument. It produces images by scanning the sample surface
with a focused beamof electrons. In contrast to TEM the electrons transmitting through
the sample, the narrow beam of SEM is “scanned” across to create an image of the
sample surface, with exceptional depth of field. When the electrons of the primary
beam interact with the sample, secondary electrons are emitted from the sample
surface, bring main information related to surface topology. In addition, transmitted
and backscattered electrons can be analyzed to complement morphological and struc-
tural analysis, also giving a certain depth profiling. The electron beam is scanned in a
raster pattern, and a variety of detectors are used to analyze scattered electrons to
produce an image. Therefore, in addition to morphological, topographical and compo-
sitional information (see also EDX method described below), SEM also can detect and
analyze surface fractures, examine surface contaminations, reveal spatial element
variations, identify crystalline structures and provide qualitative chemical analyses
[141, 142]. For metallic nanoparticle, due to their inherent electrical conductivity, the
sample preparation is relatively simple. It is commonly prepared by distributing the
solid particles on a carbon tape and mounting on a metal stub.

Atomic force microscopy (AFM) is another popular technique for morphology
characterization, with demonstrated resolution on the order of ~0.1 nm. It uses a
cantilever with an extremely sharp tip to scan over the sample surface. As the tip
approaches the surface, the attractive force causes the cantilever to deflect towards
the surface. With the closer distance to the surface, increasing repulsive force takes
over and causes the cantilever to deflect away. Meanwhile, the deflections towards or
away from the surface is detected by a laser beam and tracked by a position-sensitive
photo diode. In this way the surface feature is reflected by moving the AFM tip over
sample surface. Compared to the SEM, AFM has a higher resolution and produces
images in three-dimensional topography instead of two-dimensional projection.
More importantly, AFM directly provides quantitative topographic mapping. It also
can show contrast between regions with different mechanical characteristics and can
map local conductive or dielectric properties as well as electric potential distribution.
Moreover, the samples do not require any special treatments (such as metal/carbon
coatings) which may damage the sample, and does not suffer from charging artifacts
in the final image. However, usually, the scan area is smaller than by SEM (increase in
analyzed area leads to considerable processing time), and cannot be applied for
chemical identification and mapping.
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2.3.2.2 Chemical composition
Chemical composition is one of the most important parameters that determine the
properties of metallic nanoparticles. For example, Au nanoparticles demonstrate
unique optical properties that cannot be achieved by Fe, Cu, Zn, Al and Ni nanopar-
ticles [143]. On the other hand, tuning of the composition, such as the incorporation
of Fe into Ni nanoparticles, can enhance its catalytic activity for CNTs growth to a
large extent [132]. There are also reports using metallic alloys for the biomedical
applications, in which two or more metallic nanoparticles are combined together for
specific performance [144, 145].

Twomost widely used techniques for characterizing the chemical composition of
metallic nanoparticles are energy dispersive X-ray spectroscopy (EDX) and X-ray
photoelectron spectroscopy (XPS). The EDX measurement is conducted by focusing
a high-energy beam of electrons on the sample, which may excite the electrons of the
sample and eject them from the inner shells of atoms. Meanwhile, electron hole was
generated where the electrons were. Then electrons from an outer, higher-energy
shell automatically fill the hole and release energy in the form of X-rays. Since each
element has a unique atomic structure, the energies of the X-rays are relevant to the
energy levels of atoms and can be used to identify the elemental composition [146].
Moreover, the energy densities are related to the element concentration, by scanning
the beam over a specific area, this technique can also estimate the relative abundance
of elements and their spatial distributions [147]. Due to the apparent synergy with the
described above SEM analysis, both topological (SEM) and compositional (EDX)
mapping are often combined in one instrument. By contrast, for XPS analysis, a
beam of X-ray photons is irradiated to the sample and transfers the energy to core-
level electrons. The electrons can be ejected from initial states, with kinetic energies
dependent on the incident X-ray, the binding energy of the atomic orbits and the
chemical environment of the originated atoms. A photoelectron spectrum is recorded
by counting the ejected electrons over a range of electron kinetic energies. The
analysis of the energies and intensities of the photoelectron peaks enable identifica-
tion and quantification of all the present elements.

Compared to the EDX characterization, a distinctive advantage of XPS is the
ability to get information of chemical state of atoms (e. g. the oxidation state of
element), which has practical importance in many areas. However, due to the limited
escape depth of electrons, XPS can only detect signals from sample depth of <10 nm.
Therefore, it is considered as a surface characterization technique instead of bulk
material analysis. For the compositional depth profiling, as well as to exclude surface
contamination effects, XPS is often combined with the sputtering techniques which
become a standard feature in modern instruments. On the other hand, angle resolved
XPS allows to analyze the uppermost (1–2 nm) surface layers. It should be noted that
XPS cannot directly derive information on hydrogen content, which in some situa-
tions can be considered as a limitation. Additionally, in order to achieve adequate
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chemical specificity and spatial resolution, XPS requires ultra-high vacuum (P < 10−9

millibar) during measurements.
Ghosh et al. used a microplasma-induced technique for in situ formation of

electrically conductive metal patterns. In this study Ag cations are contained in
PAA solutions and deposited on Si substrates to form Ag-PAA films. Themicroplasma
reduction process was carried out on the as-deposited films to reduce the incorpo-
rated Ag cations to metallic Ag patterns. SEM and EDX characterization were carried
out to examine the microplasma-reduced lines and to understand the nature of Ag
nanoparticle formation. Typical images of the Ag patterns are showed in Figure 2.15.
It was revealed that the metallization occurs in a layer of ~5 μm near the film surface,
where Ag+ was reduced to form Ag particles by electron impacts. The cross-sectional
analysis and EDX result furtherly confirmed the reduction and formation of Ag
particles, which were extensively localized near the film surface.

In addition to the EDX and XPS, there are also various techniques for the character-
ization of chemical composition, such as X-ray fluorescence (XRF), inductively
coupled plasma mass spectrometry (ICP-MS), inductively coupled plasma optical
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Figure 2.15: (a-b) Surface and (c-d) cross-sectional SEM and EDX images of the Ag metal patterns
fabricated by a microplasma-reduced approach. Reprinted with permission from [148], copyright
2014 American Chemical Society.
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emission spectroscopy (ICP-OES) or atomic absorption spectroscopy (AAS). Also
Rutherford back scattering spectroscopy (RBS) and surface sensitive Time-of-Flight
Secondary Ion Mass Spectrometry (TOF-SIMS) should be mentioned. However, they
are not so frequently used compared to the EDX and XPS for the characterization of
metallic nanoparticles, thus is beyond the scope of the present study.

2.3.2.3 Crystalline structure
For specific nanoparticles under a given condition, a particular structure (amor-
phous, body-centered cubic (bcc), face centered cubic (fcc) or hexagonal close
packed (hcp)) is determined by the chemical composition, the number of atoms
and the chemical interaction between atoms, which correspond to the optimum
stable configurations [149]. It is well-known that the majority of metals adopt a
crystalline arrangement, since a stable state is achieved in this way by anchoring
interactions between neighboring atoms to minimize the total internal energy [150].

The determination or confirmation of a structure can be performed by a series of
analytical techniques, among them X-ray diffractometer (XRD) is one of the most
frequently used methods for metallic nanoparticles analysis. In XRD electrons are
emitted from a heated filament in a cathode ray tube, being accelerated toward a
target material (Cu, Fe, Mo, Cr) in the applied electric field. When electrons have
sufficient energy to dislodge inner shell electrons of the target material, characteristic
X-ray spectra are generated. During the measurement the X-rays are directed to the
sample. Meanwhile, the sample and the detector are rotated at a certain rate, with the
intensity of the reflected X-rays being recorded as a function of the position. Once the
geometry of the incident X-rays impinging the sample satisfies the Bragg equation,
constructive interference occurs and intensive signal peak is generated.

The crystalline structure of the metallic nanoparticles can be also studied by the
selected area electron diffraction (SAED) technique, which is often combined in one
instrument with a transmission electron microscope. During the measurement the
crystalline specimen is subjected to a high-energy electron beam (100–400 keV).
Electrons in this case exhibit a wave-like behavior, rather than particle-like. Due to the
short wavelength of the high-energy electrons (~10–3 nm) as well as the relatively larger
atom spacing, the atoms act as a diffraction grating to the electrons. When the electrons
pass through atoms, some will be scattered to particular angles to form a spot on the
screen, determined by the crystal structure of the sample, while others continue to pass
through without deflection. As a result, a diffraction pattern is formed by a series of
spots, and each spot corresponds to a satisfied diffraction condition of the sample’s
crystal structure [151]. Compared to XRD, SAED has higher intensity of diffracted pat-
terns,making themparticularly suitable for low atomic numbermaterials. It also has the
ability to examine areas as small as several hundred nanometers in size instead of
several centimeters. However, the operation of SAED is more complicated and
expensive.
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Sometimes both the transmitted and the scattered beams are used in the trans-
mission electron microscopy to create a high-resolution image (HRTEM). In this case
the phase of electrons wave is modulated by the interaction with crystallographic
structure at very low angles and self-interference phenomena take place during
propagation through the objective lens. All electrons are combined at a point in the
image plane to form an interference pattern, which can be used for the identification
of the crystal structures and lattice imperfections of nanoparticles.

A typical example for the crystal structure analysis of metallic nanoparticles is
shown in Figure 2.16, where an interaction of plasma with liquid is applied for fabrica-
tion of Sn nanoparticles. As indicated by the TEM and SAED images, single-crystalline
Sn nanoparticles of tetragonal shape are formed, with the plate faces on the (001) plane.
The high-resolution TEM image also shows clear lattice fringes of the Sn particles,
confirming their crystalline structures. Meanwhile, SnO2 particles are observed in the
products, suggesting partial oxidation of the Sn particles. Furthermore, XRD measure-
ments are also carried out to examine the products. The result shows the existence of
prominent Sn peaks as well as much less intensive SnO2 peaks, revealing that the
crystalline Sn nanoparticles production is dominant in the studied process.

In order to engineer optimal metallic nanoparticles for specific applications,
it is essential to have a comprehensive understanding of their physicochemical
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Figure 2.16: (a) TEM, (b–c) SAED and HRTEM, (d) XRD images of the metallic nanoparticles produced
by the microplasma method. Reprinted with permission from [152], copyright 2014 Elsevier.
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properties. The rapid development of the characterization methodologies and
analysis techniques allows us to assess metallic nanoparticles from different
aspects. In the present review we attempt to show the most representative and
frequently used techniques for the ex-situ characterization of the metallic nano-
particles in terms of size, morphology, composition and crystalline structure,
summarized in Table 2.6.

2.4 Representative examples and possible mechanisms

As it was demonstrated in the above sections, various microplasma configurations
have been developed for the metallic nanoparticles synthesis, with a broad category
of nanoparticles being fabricated both in the gas phase and in the liquid phase.
Table 2.7 gives a summary of the reported metallic nanoparticles fabricated by
microplasma as well as the detailed synthesis recipes (microplasma configuration,
precursors and plasma gases). Moreover, it is shown that the size, morphology,
composition and microstructure of metallic nanoparticles can be controlled and
tuned through processing parameters adjustment. However, due to the complexity
of the plasma-activated chemistry, the detailed mechanisms are not fully understood

Table 2.6: Typical characterization techniques for metallic nanoparticle analysis. reprinted with
permission from [153, 154], copyright 2013 American Vacuum Society, copyright 2009 American
Chemical Society.

Method Type of information Comments

SEM Particle morphology Element identification and mapping via EDX
AFM Surface topography and particle shape Gas and liquid environment
TEM Particle shape, size and size distribution Can be done in gas and liquid environment
HRTEM Crystalline structure down to the atomic

level
Can measure lattice space and identify
crystal plane

SAED Crystal information and planes
DLS Common method for sizing particles in

solution
Often done together with zeta potential
analysis

XRD Structures present and grain size Allow liquid and gas environment analysis
XPS Surface composition chemical state Can be done for gaseous measurements
XRF Elemental analysis and chemical analysis Difficult to quantify elements lighter than

sodium
ICP-MS Elemental analysis and quantification Elements with atomic mass ranges 7 to 250

(Li to U)
ICP-OES Elemental analysis and quantification
AAS Elemental analysis and quantification Sample needs to be atomized
UV-Vis Size of metal nanoparticles Commonly used for particles in solution
BET Surface area Solid samples
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Table 2.7: Summary of metallic nanoparticles fabricated by microplasma technology.

Metallic
nanoparticle

Precursors Plasma gas Plasma configuration Ref.

Ag AgNO3 solution Ar Plasma–liquid systems [158]
AgNO3 solution He Plasma–liquid systems [136]
Ag wire Ar Plasma–liquid systems [93]
AgCF3SO3 solution Ar Plasma–liquid systems [103]

Au
HAuCl4 solution Ar Plasma–liquid systems [105,
Au wire Ar, H2 Microplasma jets with consum-

able electrodes
157,

Au wire Ar Plasma–liquid systems 158]
[97]
[93]

Pt Pt(C5H7O2)2 Ar Hollow-electrode
microdischarges

[88]

H2PtCl6.xH2O solution Ar, H2 Plasma–liquid systems [108]
Ni Ni(C5H5)2 Ar Hollow-electrode

microdischarges
[87,

Ni(C5H5)2 Ar Microplasma jets with external
electrodes

157]

Ni wire Plasma–liquid systems [90]
[165]

Fe Fe(C5H5)2 Ar Hollow-electrode
microdischarges

[125,

Fe wire Plasma–liquid systems 157]
[84]

Cu Cu wire Ar, H2 Microplasma jets with consum-
able electrodes

[77]

Cu(C5H7O2)2 Ar Hollow-electrode
microdischarges

[88]

CuCl and CuCl2
solution

Ar Plasma–liquid systems [160]

Mo Mo wire Ar, H2 Microplasma jets with consum-
able electrodes

[76]

Zn Zinc wire Plasma–liquid systems [81]
Ir IrCl3·xH2O solution Ar Plasma–liquid systems [162]
Sn SnCl2 · 2H2O solution Plasma–liquid systems [85]
NixFeyCu1−x-y Ni(C5H5)2, Fe(C5H5)2 Ar Hollow-electrode

microdischarges
[65,

Cu(C5H7O2)2, Pt
(C5H7O2)2

88, [132]

AgxAu1-x HAuCl4 and AgNO3

solution
Ar Plasma–liquid systems [109]

AgxPt1-x HAuCl4 and H2PtCl6
solution

Ar Plasma–liquid systems [110]
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yet. In order to gain more insight into the underlying process, in this section repre-
sentative examples of metallic nanoparticles production are provided, followed by
the discussions of the possible mechanisms.

2.4.1 Gas phase synthesis of metallic nanoparticles and involved mechanisms

2.4.1.1 Representative examples
Lin et al. used a hollow-electrode microdischarge to produce Ni nanoparticles by
employing the nickelocene as the precursor and the argon as the plasma gas. This
study was aimed to establish the relationship between processing conditions and
product magnetic properties, and ultimately, to generate Ni nanoparticles of desired
magnetic performance by the microplasma-assisted process. Systematic experiments
were carried out to investigate the influence of the plasma power as well as the
nickelocene concentration. It was shown that crystalline Ni nanoparticles with con-
trollable magnetic properties were obtained by this technique in a continuous, one
step and solvent-freemanner. At certain conditions both Ni nanoparticles and carbon
nanotubes (CNTs) were simultaneously generated from the nickelocene. However,
flexible adjustment of particle size, composition, morphology and structure was
governed by tuning processing conditions. For the optimized conditions only Ni
nanoparticles of face centered cubic (fcc) phase were formed, with a saturation
magnetization value as high as ~44.4 mAm2/g.

The hollow-electrode microdischarge was also successfully applied for the fab-
rication of Fe nanoparticles, as was demonstrated in the study of Wei-Hung Chiang
[155]. In this research ferrocene was used as the precursor, and C2H2 was used as the
carbon source for CNTs. Firstly Fe nanoparticles were generated in a microplasma
reactor, and then introduced with a gas flow to a tubular furnace as the floating-
catalyst to catalyze the C2H2 for CNTs formation. The size and size distributions of Fe
nanoparticles were controlled by tuning the ferrocene concentration to study their
catalytic performance. Results indicated crystalline Fe nanoparticles with controlla-
ble size were produced by the process. Moreover, Fe particles were found to catalyze
CNT growth at 500°C and 600°C , but lost catalytic activity above 700°C , which was
attributed to the increased particle size.

In addition to the hollow-electrode microdischarge, Ghosh et al. demonstrated
the feasibility for the Ni nanoparticles synthesis using an atmospheric-pressure
DBD reactor [90]. In their research nickelocene vapors were chosen as the precursor
and were introduced into the plasma by an argon flow at different dilution ratios
(0.21–0.94 ppm). In order to study the influence of the precursor residence time
in the plasma, capillary gas injectors of different sizes (180 µm, 510 µm) were
applied. Results showed that Ni nanoparticles were successfully synthesized by
the atmospheric-pressure DBD plasma systems, and the incorporation of a capillary
gas injector to alter the velocity profile could significantly reduce particle size and
agglomeration.
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The high flexibility in design of microplasma-assisted processes and configura-
tions also renders it possible to directly produce complex composite multimetallicna
nanoalloys. PA Lin et al. demonstrated an atmospheric pressure microplasma system
for synthesis of compositionally tunable multimetallic nanoparticles or alloyed
nanoparticles in the gas phase [88]. Organometallic compounds such as nickelocene,
ferrocene, copper acetylacetonate and platinum acetylacetonate were selected as the
metal sources andwere combined at different mass flow ratios. Afterwards, they were
introduced into the microplasma for dissociation and particle growth. Results
showed that a series of ultra-fine multimetallic NPs (NixCu1−x NPs, NixFeyCu1−x-y
NPs) with narrow size distributions had been fabricated by the studied gas-phase
approach, and their compositions could be tuned by varying the relevant flow rates
(i. e. vapor concentrations) of the precursors (Figure 2.17).

2.4.1.2 Possible mechanisms
Almost all the microplasma-assisted processes for the gas phase synthesis of nano-
particles use organometallic compounds as precursors. The decomposition of orga-
nometallic precursors are notoriously complex processes consisting of a series of
consecutive, parallel as well as catalytic reactions in homogeneous or heterogeneous
phase. Due to the relatively small spatial zone as well as multiple reactions involving
charged particles, electrons, various atomic or molecular excited states and neutral
radicals, the situation becomes even more complicated when it comes to the micro-
plasma. Currently all studies on microplasma-assisted nanofabrication mainly focus
on the process optimization and nanomaterials characterization, instead of the
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Figure 2.17: TEM images and the relevant EDX spectra of various compositions of NixCu1-x and
NixFeyCu1-x-y NPs. Reprinted with permission from [88], copyright 2011 Wiley-VCH.

84 2 Synthesis of metallic nanoparticles by microplasma



mechanism study. Furthermore, owing to the lack of direct experimental studies and
complexity of the techniques to in situ characterize the pathways of precursor
decomposition and particle growth, identifying all involved species, the detailed
mechanisms are not clear yet.

In plasma the chemical bonds in the precursor will be broken by the impact with
energetic electrons (~eV) or other radicals (e. g. Ar+, Ar*). Since different dissociation
processes have specific threshold energies as well as energy-dependent cross-sections,
while plasma operation conditions determine a certain electron energy distribution
function (EEDF), thus, in general, one can have estimation on the preferential
dissociation pathway of precursor molecules.

The mechanisms of plasma-assisted dissociation processes of organometallic
compounds was discussed by Lin et al., where they use ferrocene as the precursor to
produce Fe metallic nanoparticles [125]. First the characteristics of the microplasma
were estimated. Depending on the dissipated power, the gas temperature in the range
of 900–1100 K for the microplasma in the studied process was derived by the fitting of
measured spectra, corresponding to the emission from C2 swan system, with the
spectra simulated using SPECAIR software [117]. While the electron temperature in
the range of 2.6–3.1 eVwas estimated using BOLSIG+ electron kinetics solver for EEDF,
with characteristic EEDF shown in Figure 2.18(a). Although, the electron impact dis-
sociation cross-sections were not reported for ferrocene, by considering the energy
diagram of the possible ferrocene dissociation routes (Figure 2.18(b)) and taking into

(a) (b)

(c)

Figure 2.18: (a) Energy distribution functions (EEDFs) of the argonmicroplasma; (b) Reactions and the
relevant energy data of the ferrocene dissociation process; (c) Schematic mechanisms. Reprinted
with permission from [125], copyright 2017 Elsevier.
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account the steepness of the EEDF tail region, it was expected that the difference in
threshold energy would result in significant difference for process rates. Therefore it
was concluded that the preferential pathway should be via the neutral dissociation
processes by direct electron impact, where ferrocene molecules were supposed to
go through the reaction 1 to yield Fe(C5H5) and C5H5 free radicals by breaking the
first ligand. Then the formed Fe(C5H5) were furtherly dissociated to generate Fe
atoms by the scission of second ligand. The continuous generation of Fe atoms in
the aerosol phase eventually led to a supersaturated Fe concentration, which was
energetically unstable and tended to form atom-atom bonds via exothermic reac-
tion. As a result, Fe atoms began to assemble together to form clusters. Once the
nucleation seed formed, it would act as a convergence point for the growth of Fe
nanoparticles.

2.4.2 Liquid phase synthesis of metallic nanoparticles and mechanisms

2.4.2.1 Representative examples
Wang et al. reported an indirect contact plasma–liquid system for the fabrication of
gold nanoparticles from the HAuCl4 electrolyte solution [156]. In this study reactions
were performed in a U-shaped electrochemical cell. A platinum (Pt) anode was
immersed in the electrolyte as the anode, while a copper capillary tube with an
inner diameter of 0.355mm was used as the cathode and placed 1mm above the
electrolyte surface. The microplasma was ignited by a DC high-voltage power supply,
and formed between the tip of the copper capillary and the electrolyte surface. It was
shown that gold nanoparticles were successfully prepared by the microplasma-
electrolyte treatment, in which Au+ was reduced to Au NPs under the plasma effects.
Additionally, the size distribution of gold nanoparticles could be tailored by tuning
process parameters such as the stirring mode, plasma power, and precursor concen-
trations. This method was also successfully expanded to the synthesis of a series of
nanoparticles like Ag, Ti, Pt, Ir, CuOx, Fe3O4, Si, etc. [105, 106, 136, 157–165].

A direct contact plasma–liquid system was demonstrated by Lal et al. for the
synthesis of nanoparticles such as Au, Cu, Pt or Pt+Au [166]. In this study a Teflon cell
(~1 ml volume) was used as the electrochemical cell. A Pt wire of 300 µm diameter
acted as the cathode and immersed with a depth of 0.5mm in the electrolyte, while a
large Pt ring was used as the counter electrode. For the preparation of Cu nanopar-
ticles, CuSO4+H2SO4 were used as the electrolyte solution. Similarly they also used
H2PtCl6+HClO4 electrolyte for preparing Pt nanoparticles, NaAuCl4+HClO4 electrolyte
for Au nanoparticles and H2PtCl6+NaAuCl4+HClO4 electrolyte for Pt+Au nanoparti-
cles. In experiments large current density (~1 A/mm2 at ~20 V) was applied in the
aqueous electrolyte, leading to the formation of a “gas film” around the electrode,
from which discharges occurred. Results showed metal ions (Cu2+, Pt+, Au+) in the
electrolyte were reduced to metallic nanoparticles under the plasma treatment. The
gas film could prevent them from depositing on the electrode.
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In addition to the metal salts, consumable metal electrodes are also used as the
precursor for the liquid phase synthesis of metallic nanoparticles. In this case by
choosing different metal electrodes, corresponding metallic nanoparticles can be
produced in the liquid. A representative example was demonstrated by Kang et al.,
where Ni, Co, and Fe magnetic nanoparticles were produced by a direct contact
plasma–liquid system, without any additional reductants, agents, or treatment
(Figure 2.19) [167]. In this study a pair Ni, Co or Fe rods with diameters of 1mm was
used as electrodes and immersed in a benzene solution. The distance between the
electrode tips was set to 0.5mm. Plasma was generated by a bipolar DC-pulsed power
supply, with the pulse width and frequency fixed at 2.0 µs and 15 kHz, respectively.
Results showed highly pure crystalline Ni, Co, and Fe nanoparticles with average
diameters of 5 nm were successfully synthesized. Moreover, magnetic measurements
of the obtained products were also carried out, indicating they had superparamag-
netic properties at room temperature.

There are also reports on the liquid phase synthesis of metallic nanoalloys using
the microplasma-assisted technique. A typical example is demonstrated by Ostrikov
et al., in which bimetallic AuxAg1-x alloyed nanoparticles were prepared by an indir-
ect contact plasma–liquid system (as shown in Figure 2.9) [105, 109]. In their research
both HAuCl4 and AgNO3 salts were used as the metal sources and dissolved in
distilled water to form the electrolyte solution. Helium was used as the plasma gas.
A DC-sustained microplasma jet was formed above the electrolyte surface to co-reduce

Reactor (glass vessel)

Plasma Silion
plug

Metal
electrode

Ceramic
tube

Solution

Electrode gap

(a) (b) (c)

(a) (b) (c)

(a) (b) (c)

30 nm

100 nm

Ni

Co

Fe

50 nm 2 nm

200 nm50 nm

100 nm

2 nm

2 nm

Figure 2.19: A schematic illustration of the direct contact plasma–liquid system for the fabrication of
metallic nanoparticles as well as the generated Ni, Co and Fe nanoparticles. Reprinted with permis-
sion from [167], copyright 2016 Nature Publishing Group.
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the metallic ions. Results showed bimetallic AuxAg1-x alloyed nanoparticles were
produced by this technique, and a much faster formation rate was achieved compared
with conventional colloidal chemistry methods. Moreover, the particle size and com-
position can be controlled and tuned by variation of the reaction time and the pre-
cursor concentration.

2.4.2.2 Possible mechanisms
In general, the plasma–liquid interactions are complex physicochemical processes
involving reactions among electrons, ions, molecules and neutral radicals. It is widely
accepted that discharges inside or in contact with aqueous solutions efficiently pro-
duce radicals, such as H, OH, O, H2O2, as well as being a source of UV radiation [168].
Moreover, strong shock waves are also produced in the high-intensity pulsed liquid
plasmas. Therefore, the plasma–liquid interactions are affected by a number of factors
such as the electron penetration in the interface, diffusion speed of ions, concentra-
tions of radical species, pH and the solution temperature, etc., making it challenging to
analyze the kinetics and mechanisms of the metallic nanoparticles formation process.

As mentioned above, both metal salts and metal wires can be used as the
precursor for the microplasma-assisted synthesis of metallic nanoparticles in the
liquid phase. For metal wires they firstly form metal ions (M+) by the impact of the
plasma-based electrochemistry. Thus the present work deals with the metal ions for
the mechanism discussions.

The hypothesized mechanism of microplasma-assisted metallic nanoparticles fab-
rication was illustrated by Akolkar et al., as shown in Figure 2.20 [55]. A considerable
concentration of metal ions (M+) existing in the electrolyte is transported from the bulk
solution to the microplasma–liquid interface under the impacts of convection, diffu-
sion or electricfield induced-drift transport. Meanwhile, the plasma electronswere also
driven toward the solution surface due to the electrical force. Once the electrons
penetrated into the electrolyte interface, they underwent electron transfer process
with the M+ to produce metallic atoms (M0). However, owing to the complexity of the
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Figure 2.20: Schematic mechanisms of the microplasma-assisted
liquid phase synthesis of metallic nanoparticles. Reprinted with
permission from [55], copyright 2013 American Vacuum Society.
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interface and phase transition processes as well as a number of possible intermediate
species involved (i. e. formation of various negative and positive ions), the detailed
mechanism of electron and thermal energy transfer process at the interface still
remains unclear. Once the metallic atoms M0 were formed at the interface, they
could act as sites for nanoparticle nucleation and growth. With the continuous plasma
treatment, thesemetallic atoms aggregated together to form large nanoparticle clusters
or networks, which would be transported to the bulk electrolyte by convection or
diffusion processes.

2.5 Critical safety considerations

Most of the existing processes for the microplasma-assisted synthesis of metallic
nanoparticles use organometallic compounds as the precursors. In general, they are
rather toxic and should be stored and operated by strictly following the safety
regulations. The following personal protective equipment is recommended when
handling of these chemicals:
i. Eye/face protection: Safety glasses.
ii. Skin protection: Handle with gloves.
iii. Body Protection: Laboratory coat.
iv. Chemicals should be handled in the fume hood for safety reason. For some

chemicals with Chemwatch code of 3 or 4 in flammability, toxicity, body contact
or chronic (can be referred to material safety data sheet (MSDS)), the usage of
glove box is highly suggested. It also needs to be pointed out, there may be
certain documents/regulations applied for different countries/regions. For exam-
ple, “REACH” program was conducted by European commission to collect infor-
mation for a database over potentially dangerous chemicals.

In addition to toxic chemicals, it is also needed to take the explosion hazards into
consideration, since explosive gas (e. g. H2) is introduced or generated when fabricat-
ingmetallic nanoparticles. To prevent possible explosions, gas sensors are suggested
to detect and monitor the gas concentrations. Once detecting the leakage, the setup
should be immediately stopped. Meanwhile, the relevant pipelines should be diluted
and washed by other gases to evacuate possible residues of the explosive gas.

Besides, owing to the structural complexities, surface properties and high reac-
tivity of the generated nanomaterials, the potential exposure to nanoparticles may
lead to undesired organism-specific responses. Nanomaterials can cause nanotoxi-
city by penetrating the airway, travelling through the circulatory systems, depositing
in various organs and interact with cells at the cellular level [169]. It was estimated
that in the US alone more than 2 million people work on nanomaterial-related fields
[170]. Unfortunately, till now rather insufficient and controversial data on the toxicity
of nanomaterials exist, and only a few regulations or standards are available for the
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assessment of their toxicological effects. Therefore, special attentions must be paid to
avoid the direct contact/exposure to nanomaterials. Moreover, extensive research is
required to fully understand the nanotoxicity, including absorption, metabolism,
distribution, excretion and biological effects of nanomaterials on biological systems.

Another safety issue of microplasma-assisted nanofabrication is related to elec-
tric shock and absorbed radiation hazards. Since high voltages are commonly
involved in these processes, special electrical safety measures are required, and
insulation protections should be considered. In some cases high frequency discharge
powers are utilized, which may cause damage to some parts of the human body that
are sensitive to irradiation-induced heating or soft x-ray, such as brain, eyes and the
reproductive organs. Therefore, proper shielding has to be undertaken to avoid any
permanent body damage, including using highly insulating ceramics and lead-con-
tained materials [169].

2.6 Conclusions and future perspective

The present study is a review of the recent developments in the microplasma-assisted
fabrication of metallic nanoparticles. Firstly, four commonly used microplasma
systems for metallic nanoparticles synthesis, with representative examples, were
described and the pros and cons were demonstrated and discussed. Secondly, the
main characterizationmethodologies and instrumentation techniques were summar-
ized in light of the in situ characterization of the plasma-assisted dissociation process
as well as the ex situ characterization of the obtained metallic nanoparticles. Finally,
a broad category of examples on gas/liquid phase metallic nanoparticles synthesis
were presented, and the possible mechanisms were also illustrated.

This technique utilizes the synergistic advantages of microreactors and the non-
thermal plasma chemistry, resulting in a facile and innovative route for the synthesis of
metallic nanoparticles both in gaseous or aqueous phase. Compared to the common
wet chemistry methods, the usage of reducing agents, solvents and stabilizers is not
needed anymore, and reactions take place in an inert atmosphere. As a result, potential
side reactions and by-products have been significantly reduced, obviating the use of
complex procedures such as separation, centrifugation and washing to get high purity
products. Additionally, the confinement of the plasma in micro spatial scale not only
leads to very high energy density, but also ensures a relatively short residence time and
uniformRTD for themetallic precursors. Therefore,metallic nanoparticleswith smaller
average size and narrower size distributions can be fabricated at the dissipated plasma
power as low as ~1.0W, which cannot be realized by the existing approaches. Another
distinctive advantage is the demonstrated ability to tune the properties of metallic
nanoparticles “in-flight” by simply adjusting the processing conditions. It is expected
that this technique can be applied as “dry-process” for local production of well-defined
nanostructures (printing-like technologies). Moreover, due to the versatility of
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microplasma sources and the high degree of flexibility in processing parameters, this
technique still has many promising applications. In recent years, Sankaran et al. has
successfully fabricated conductive metal patterns at the polymer film surface by the
microplasma-assisted method [96, 148, 171]. This in conjunction with the ability to
deposit various nanostructures of desired propertiesmay bring critical breakthrough in
the fields such as electrical conductors, polymer coatings and surface modifications.

Despite the above advantages, some challenges remain. The involved plasma
physics and reaction kinetics are still not fully understood, the rates of many relevant
elementary processes remain unknown complicating the analysis of mechanisms.
Multi-disciplinary collaborations from physics, chemistry as well as novel diagnos-
tics approaches are required. In terms of application, it should be pointed out that the
current throughput of this technique is not high, since most reported lab-scale
processes use only a single microplasma unit to fabricate metallic nanoparticles as
a prove of principle, and reactions were confined in microreactors. However, the
process can be scaled up by using the microplasma array design [172–174]. One
possible solution is to arrange microplasma jets in an array structure. As estimated
in the study of Lin et al., the production rate of Ni nanoparticles at 35 ppm Ni(cp)2
vapors by a single plasma jet is calculated as 4.65 × 10–3 g/h. If a two-dimensional
microplasma array (Figure 2.21(a)) with 100 jets in each dimension (100 × 100) was
applied, the throughput could be improved by four orders of magnitude (1116 g/day)
[87], much higher than a claimed high-throughput synthesis of Ni nanoparticles by a
continuous flow method (27 g/day) [175]. Meanwhile, due to the high flexibility of
microplasma configurations, such an array structure could also be applied for the
liquid-phase synthesis processes to increase the surface area for plasma-liquid
interactions (Figure 2.21(b)). An alternative design of microplasma array is to
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Figure 2.21:Microplasma array design for scaling up the metallic nanoparticles synthesis in (a) gas-
phase and (b) liquid phase. Reprinted with permission from [126], copyright 2017 Elsevier.

2.6 Conclusions and future perspective 91



perforate a matrix of micro holes in two separated planar metallic sheets. By con-
necting the two metal layers to a power supply, each hole functions as an indepen-
dent microplasma source [176]. In this manner metallic nanoparticles can be
fabricated by delivering the precursors into the holes to be dissociated. On the
other hand, owing to the extremely small dimension of the microplasma jet or the
micro hole, the array structure is very compact, making them favored by industrial or
portable applications. It is reported that a 2Dmicroplasma array with 100 jets in each
dimension occupying a spatial space of ~1.5 × 1.5 m2, while metallic sheets with 200
holes covering ~50 × 50mm2. Regarding the scale-up behavior, according to the
Yasuda’s concept, the product properties are expected to be similar if (1) the plasma
power to total gas flow ratio remains constant, while (2) the precursor concentration
is kept the same [177]. Therefore, to increase throughput while maintain nanoparticle
characteristics, the precursor mass flow should be increased, accompanied by the
proportional rise in plasma power and carrying gas flow [87]. As to the continuity of
the process, feeding mechanisms for automatically supplying consumable wires or
electrolytes can be designed and applied, rendering it possible to fabricate metallic
nanoparticles in a continuous manner. With the development of auto-control tech-
nology and microplasma arrays reactors, it is expected that the industrial-scale high
throughput fabrication of metallic nanoparticles is within reach.

Funding: The authors greatly appreciate the support from Chinese Scholarship
Council (CSC) and European LIFE12 ENV_NL_000718 “Green plasma process tech-
nology for manufacturing of flexible electronics” project.
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3 Shape-controlled metal nanoparticles
for electrocatalytic applications

Abstract: The application of shape-controlled metal nanoparticles is profoundly
impacting the field of electrocatalysis. On the one hand, their use has remarkably
enhanced the electrocatalytic activity of many different reactions of interest. On the
other hand, their usage is deeply contributing to a correct understanding of
the correlations between shape/surface structure and electrochemical reactivity at
the nanoscale. However, from the point of view of an electrochemist, there are a
number of questions that must be fully satisfied before the evaluation of the shaped
metal nanoparticles as electrocatalysts including (i) surface cleaning, (ii) surface
structure characterization, and (iii) correlations between particle shape and surface
structure. In this chapter, we will cover all these aspects. Initially, we will collect and
discuss about the different practical protocols and procedures for obtaining clean
shaped metal nanoparticles. This is an indispensable requirement for the establish-
ment of correct correlations between shape/surface structure and electrochemical
reactivity. Next, we will also report how some easy-to-do electrochemical experi-
ments including their subsequent analyses can enormously contribute to a detailed
characterization of the surface structure of the shaped metal nanoparticles. At this
point, we will remark that the key point determining the resulting electrocatalytic
activity is the surface structure of the nanoparticles (obviously, the atomic composi-
tion is also extremely relevant) but not the particle shape. Finally, we will summarize
some of the most significant advances/results on the use of these shaped metal
nanoparticles in electrocatalysis covering a wide range of electrocatalytic reactions
including fuel cell-related reactions (electrooxidation of formic acid, methanol and
ethanol and oxygen reduction) and also CO2 electroreduction.
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3.1 Introduction

Based on the extensive and intensive knowledge gained with the use of metal single-
crystal electrodes in electrocatalysis, it is now widely accepted that the surface
structure, that is, the arrangement of the atoms at the surface, is one of the most
relevant parameter determining the electrocatalytic properties of the material under
study [1–3]. Consequently, all this knowledge must serve as a guide for the under-
standing and evaluation of the effect of the surface structure on the electrocatalytic
properties of metal nanoparticles [4–7]. Particularly, this previous knowledgemust be
used to learn the methods, protocols, precautions, and requirements to be fulfilled to
properly study the surface structure–reactivity correlations on the nanoscale
materials.

With the aim of understanding the effect of the surface structure on metal nanopar-
ticles, the availability of shape-controlled metal nanoparticles is extremely useful
because by controlling the shape of a nanoparticle, it is possible to provide metal
nanoparticles with a well-defined surface atomic arrangement and coordination,
that is, nanoparticles having a well-defined surface structure. In this regard, Sun and
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co-workers [8, 9], based on a previous contribution [10], illustrated the correlation
between surface structure and particle shape by using the stereographic triangle of a
face-centred cubic (fcc) metal (Figure 3.1). In this way, by simple analogy with the unit
stereographic triangle, the low index or basal planes, located at the three vertices of the
triangle, would be represented by polyhedral nanocrystals/nanoparticles bounded by
the corresponding basal facets, i. e. a cube, an octahedron, and a rhombic dodecahedron
corresponding with the {100}, {111}, and {110} basal planes, respectively. On the other
hand, the polyhedra lying on the three sidelines (crystallographic zones) and inside of
the triangle are polyhedra-containing stepped surfaces, that is, surfaces having a terrace-
step structure. These polyhedra are also called high-index faceted nanoparticles, that is,
nanoparticles containing surfaces having a set of Miller indices {hkl} with at least one
index being larger than 1 ({hk0}, {hkk}, {hhl}, and {hkl} (h > k > l ≥ 1)) and with a surface
coordination number being generally equal to or smaller than 7 (the low-index planes
have a coordination number of 9, 8, and 7 corresponding with the {111), {100), and {110)
surfaces, respectively). These high-index-faceted nanoparticles are also known as nano-
particles with high-energy surfaces since the surface energy (γ) associated with the
different crystallographic planes increases in the order γ{111} < γ{100} < γ{110} < γ{hkl}.
Finally, the nanoparticles inside the triangle are characterized by surfaces having kink
sites, which induces intrinsic chirality properties.

It is worth noting that all these polyhedra are convex ones. In contrast, concave
polyhedra are also possible by “pushing in” the centres of the corresponding facets/
surfaces. However, it should be mention that the surfaces of these polyhedra are
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Figure 3.1: Unit stereographic triangle containing polyhedral nanocrystals with different surface
planes. Reproduced from Ref. [9] with permission from The Royal Society of Chemistry.
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exclusively composed of similar high-index facets regardless of the curvature of
polyhedra (convex or concave). To complete this collection of morphologies, it is
important to include the so-called excavated and also twinned polyhedral
structures.

Obviously, the stereographic triangle of polyhedral shapes shown in Figure 3.1 is
exclusively based on geometric aspects. By incorporating thermodynamic arguments,
and considering the γ of the different crystallographic planes, a metal nanoparticle
would tend to have a shape in which the total surface energy is minimized. From this
energetic point of view, a shape exclusively composed by {111} facet, that is, an
octahedron, would be the most favourable one. However, this shape has a larger
surface area than a cube of the same volume. Consequently, the Wulff analysis
predicts a shape enclosed by a mixture of {111} and {100} facets. In fact, the most
energetically stable shape would be a truncated octahedron with an optimal trunca-
tion fulfilling the condition of γ(100)/γ(111) = d(100)/d(111), where d represents the
distance of the facets from the centre of the particle [11]. In addition, kinetic factors
also play a key role and, in general, the resulting shape will determine by the relative
growth rates along the 〈100〉 and 〈111〉 directions. The ratio of these two growth rates is
generally defined asR and changes from 0.58 to 0.87 and eventually to 1.73 for a cube,
cuboctahedron, and octahedron, respectively. Fortunately, this energetic (thermo-
dynamic) and/or dynamic (kinetic) control can be overcome by controlling a number
of experimental parameters such as (i) the use of capping agents (to conveniently
modify the surface energies and inducing the growth in a specific direction), (ii)
reaction temperature, (iii) nature and concentration of reducing agents, (iv) presence
of additives, and (v) metal salt precursors, among many others, to prepare nanopar-
ticles with tuned morphologies/shapes.

On the other hand, it is worth noting that these correlations between surface
structure and particle shape are based on ideal polyhedral crystals, that is, polyhedra
containing perfect surface facets which is, indeed, a non-realistic situation. In fact,
the real surface of a metal nanoparticle, even a very well-defined one (in terms of size
and shape), is extremely complex and its surface structure will not only be consti-
tuted by well-ordered surface facets of different dimensions but also by a determined
amount of surface imperfections (defect, corner, edge, step, and kink sites), all of
them contributing in a different extension (depending on the reaction under study) to
the electrocatalytic activity. This aspect points out the outstanding important of
having tools to characterize in detail the surface structure of a nanoparticle to then
establish the correlations between its surface structure and its electrocatalytic activ-
ity. At this respect, a forthcoming section of this chapter will be devoted to the
application of easy electrochemical experiments to gain both qualitative and quanti-
tative information about the surface structure of the different metal nanoparticles
and particularly shaped ones. At this point, it is again relevant to recall that, from an
electrocatalytic point of view, the shape of a nanoparticle is not the key point but its
surface structure.
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With all these previous questions in mind, this chapter will be focused on the
application of shape-controlled metal nanoparticles in electrocatalysis but exclusively
from a purely electrochemical point of view. From this electrochemical perspective, a
first section will be dedicated to one of the most critical requirements to perform any
electrochemical analysis, the surface cleaning. As previously stated, the use of capping
or additive agents is a standard way of preparing shape-controlled metal nanoparti-
cles. However, the presence of these surface-regulating agents at the surface of the
nanoparticles hinders its direct application in electrocatalysis. Therefore, once the
nanoparticles are synthetized, it is mandatory to apply specific decontamination
protocols to completely remove (without altering the initial surface structure of the
nanoparticles) the presence, even in residual amounts, of these agents at the surface of
the nanoparticles. This is not a trivial step, and, from our point of view, this aspect has
been underestimated in the extensive literature related to the electrocatalytic proper-
ties of shape-controlled metal nanoparticles. Clearly, this is an innovative section in
comparison with other contributions made by different groups and dealing with the
electrocatalysis on shapedmetal nanoparticles. Furthermore, an important sectionwill
cover the use of different electrochemical approaches to characterize the surface
structure of distinct types of nanoparticles. Interestingly, this in situ surface structure
characterization is not only statistically representative (thousands of nanoparticles are
simultaneouslymeasured) but also performedunder similar conditions than those that
will be used in the electrochemical reaction. It is worth noting that the existing
literature reviewing the catalytic or electrocatalytic properties of different shaped
metal nanoparticle consider the particle shape as the key point determining the
resulting activity. However, froman electrochemical point of view, it iswell-recognized
that it is the surface structure the crucial parameter controlling the electrochemical
reactivity. Consequently, the description of available electrochemical tools to charac-
terize in detail the surface structure of these shaped metal nanoparticles is an innova-
tive approach in comparison with previous contributions. To conclude this chapter, a
last section containing some of the most significant advances/results on the use of
these shaped metal nanoparticles in electrocatalysis will be included. This section will
not only cover relevant reactions for low-temperature fuel cells such as formic acid,
methanol, and ethanol electrooxidation or oxygen reduction but also other interesting
reactions such as CO2 electroreduction.

3.2 Preparation methods

3.2.1 Synthesis of shape-controlled metal nanoparticles

To the best of our knowledge, the first examples of preparation of shape-controlled
nanoparticles were achieved by using gas chemisorption. In 1985, Wang et al.
observed that the shape of Pt nanocrystals (supported on an amorphous SiO2 sub-
strate) was modified in the presence of different gas molecules at 600° C for 24 h [12].
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Under these conditions, Pt nanocrystals with a truncated cuboctahedral and cubic
shape were obtained when samples were annealed in N2 and H2, respectively.
Similarly, Harris in 1986 observed that cubic Pt nanocrystals (supported on Al2O3)
were obtained when a H2 atmosphere containing a trace amount of H2S at 500 °C for
16 h was used [13]. These two examples clearly showed that by using some gaseous
species able to be adsorbed in a specific type of facet, the shape of ametal nanocrystal
supported on a solid substrate can be effectively modified.

Going from this gas-phase method to a solution-phase one, El-Sayed and co-
workers in 1996 reported the first example of shape-controlled synthesis of metal
nanocrystals in water solution by preparing cubic and tetrahedral Pt nanoparticles
through a chemical reduction of K2PtCl4 by H2 in the presence of sodium polyacrylate
(NaPa) [14]. Obviously, the employ of solution-phase methods for the synthesis of
shape-controlled metal nanoparticles seemsmore convenient than the gas-phase ones
where limited option of gases, as well as the use of elevated temperatures, is required.
In contrast, in solution phase, there is not only a great availability of capping agents
that can be used for each type of facet, but also the experimental conditions are mild.

From these pioneer contributions and due to the enormous efforts coming from
many research groups, the existing literature contains now an incredible number of
methodologies for the preparation of shape-controlled metal nanoparticles. In this
chapter, we are not going to review the innumerable methodologies for the prepara-
tion of shape-controlled metal nanoparticles and the readers interested in this topic
are referred to some of the relevant and excellent reviews exclusively focused on
synthetic aspects [15–28].

Among all these different methods, the use of colloidal routes is one of the most
employed. This method is essentially based on the chemical reduction of a metallic
precursor in the presence of a capping agent. The role of this capping agent is
extremely important in the process because during the growth step, it can selectively
bind to a specific facet on the nanoparticles, thus altering their surface energies and
promoting the formation of the nanoparticles with a preferential shape that max-
imizes the expression of that type of facet. Additionally, the effect of the capping can
be also explained from a kinetic perspective, that is, taking into consideration the
relative growth rates of different crystallographic structures. When the capping is
adsorbed in a facet, the subsequent deposition of new atoms onto this facet will be
importantly reduced and, therefore, that facet will have a slower growth rate.
Consequently, the resulting nanoparticles will have a preferential shape in which
that facet will be preferentially expressed. Xia et al. [23] schematically illustrated the
role of two complementary capping agents, one for {100} facets and the other for {111}
facets during the growth of a truncated octahedral seed, Figure 3.2.

As shown in Figure 3.2, the resulting shape is determined by the capping agent
used. Thus, a cubic crystal is obtainedwhen a capping agent with a preference for the
{100} facets is employed. Contrarily, when a capping agent with a preference for the
{111} facets is introduced, a crystal with an octahedral shape is achieved. Under this
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thermodynamic control, different nanoparticles with well-controlled shapes can be
obtained. However, under realistic condition, the capping agent is not the only
parameter determining the resulting shape but also other experimental parameters
including temperature, electrolyte, reducing time, nature of the reducing agent, and
some others will play a significant role in defining the final shape obtainedwhich will
be ultimately determined by both thermodynamic and kinetic control [23].

Interestingly, it is also worth noting that some shape-controlled metal nanopar-
ticles can also be prepared using capping-free methodologies. In this regard, the
electrochemical approach initially developed by Sun and co-workers is particularly
interesting [8, 9, 29–31]. Other interesting approaches are capping-free solvothermal
synthesis [32–35], cathodic corrosion [36], or solid-state chemistry methods [37, 38].

3.2.2 Surface cleanness: a key point in electrocatalysis

It is well-documented that the electrocatalysis on metal single crystals is profoundly
marked by the publication in 1980 of the flame annealing treatment by Clavilier et al.
[39] This work represents the starting point from which it was possible to correctly
understand the relationships between surface structure and electrocatalytic surface
reactivity. Very briefly, this simple and elegant cleaning treatment allows obtaining
clean and well-ordered Pt single-crystal surfaces to be used in electrochemical measure-
ments in a reproducible way [40]. For instance, this worldwide adapted treatment
allowed correlating the voltammetric profile in the so-called hydrogen adsorption/
desorption region of any Pt single-crystal electrode including basal, stepped, and kinked
surfaces with their intrinsic surface structure (surface orientation, ordered domains, and
population of step and terrace sites). Consequently, to correctly understand the correla-
tions between particles shape, surface structure, and electrocatalytic properties with the
shaped metal nanoparticles, this cleaning requirement must be fully satisfied.

Metal atom

with
capping agent

with
capping agent Growth

γ{100} < γ{111}

γ{111} < γ{100}

Growth

Capping agent for {100}
Capping agent for {111}

Figure 3.2: Schematic illustration explaining the role of capping agents during the growth of a single-
crystal truncated octahedral seed of an fcc metal. Reprinted with permission from Ref [23]. Copyright
(2015) American Chemical Society.
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This cleaning requirement is obviously faced with the employ of capping or
surface-stabilizing agents which are fundamental to obtain shaped nanoparticles.
Therefore, once shaped metal nanoparticles are synthesized, these surface-regulat-
ing agents must be completely removed from the surface of the shaped nanoparticles
[41]. Consequently, the development of effective surface cleaning methodologies
capable of removing such capping or surface-regulating agents from the surface of
the corresponding nanoparticles becomes an extremely important prerequisite to
subsequently evaluate their electrocatalytic properties for any reaction of interest. If
the cleaning is not properly performed, the electrocatalytic activity of the nanopar-
ticles will be affected in a non-controlled way, and non-reproducible and non-
comparable results will be obtained. Figure 3.3 schematically represents the effect
of an incomplete removal of the capping or surface-regulating agents from the sur-
face of the shaped nanoparticles on their electrocatalytic properties. In addition,
there are some important aspects tomention. The first one deals with the wide variety
of capping and/or surface-regulating agents that have been used for the synthesis of
shaped nanoparticles. This fact implies that a “common” cleaning methodology is
not available, and a specific decontamination must be developed, optimized, and
tested for each capping agent. In this way, each specific cleaning will basically
depend on two main parameters such as (i) the chemical nature of the capping
agent and (ii) its interaction with the surface of the shaped nanoparticles, the
latter being also affected by the nature of the metal as well as by their surface
structure. On the other hand, it is worth noting that this decontamination method
must be able to remove the capping agents but without affecting the intrinsic surface
structure of the nanoparticles. This point will be exemplified and discussed in a
forthcoming section.

As-prepared shaped
metal nanoparticles

Capped surface

Electrocatalysis

Effective
cleaning

I

E

I

EClean surface

Figure 3.3: Schematically representation of the importance of having clean shaped metal nanopar-
ticles. Reprinted from Ref. [41], Copyright (2017) with permission from Elsevier.
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3.2.2.1 Electrochemical probes for surface cleanness evaluation on shaped
metal nanoparticles

Once discussed about the mandatory requirement of having shaped nanoparticles
with clean surfaces to properly study their electrochemical properties, the question
now is how to evaluate this surface cleanness. Fortunately, and again from previous
knowledge of surface electrochemistry on metal single crystals, it is possible to
perform some electrochemical analysis to evaluate this surface cleanness. For Pt
and Pd surfaces, it is widely accepted that the so-called hydrogen region (involving
the hydrogen and anion adsorption–desorption states) obtained in 0.5M H2SO4

solution is a very sensitive process for the evaluation of the level of cleanness of
the surface [2, 3, 40, 42–45]. Very briefly, if the voltammetric profile displays well-
defined contributions, in terms of sharpness and reversibility (between desorption
vs. adsorption states), that is an indisputable proof of the adequate cleanness of the
surface. To illustrate that, Figure 3.4 shows the voltammetric profiles in the so-called
hydrogen region obtained with (a) clean and [46] (b) contaminated [47] cubic and
octahedral/tetrahedral Pt nanoparticles both obtained in 0.5M H2SO4. The sharpness
and reversibility of the adsorption desorption states showed with clean samples
clearly contrast with the poor definition of the voltammetric features obtained with
contaminated samples are evaluated.
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Figure 3.4: Cyclic voltammograms corresponding with (a) clean cubic (black line) and octahedral (red
line) Pt nanoparticles (data taken from Ref. [46]) and with (b) contaminated cubic (blue dashed line)
and octahedral (red dotted line) Pt nanoparticles (a commercial Pt black (black solid line) is also
included) obtained in 0.5M H2SO4 at 50 mV s−1. Reproduced from Ref. [47] with permission from The
Royal Society of Chemistry.
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Obviously, for shape-controlled Pt and Pd-based alloy and/or core-shell nano-
particles (this is one of the hot topics in electrocatalysis), the evaluation of the surface
cleanness through the so-called hydrogen region is much more complex due to the
intrinsic complexity of the surfaces [48–50]. However, at least, one should verify that
monometallic samples, prepared in similar conditions than those used for the synth-
esis of the shaped alloy and/or core-shell nanoparticles, display the voltammetric
features corresponding to clean surfaces.

For Au surfaces, the situation is little bit more difficult due to the inexistence of
hydrogen adsorption–desorption features on this metal. An interesting alternative is
the analysis of the voltammetric profile of the oxide region based on previous
contributions by Hamelin et al. [51, 52] with Au single-crystal electrodes. This analy-
sis has been already used with different shape-controlled Au nanoparticles contain-
ing both low- and high-index surfaces [53–55]. However, it is important to mention
that for all these Au surfaces, the voltammetric profile in the oxide region as well as
the charge involved in both the surface oxide process and its subsequent surface
reduction should remain stable during the first cycles (about five cycles). In this
sense, it is worth recalling that, at these high potential values, the organic impurities
can be electrochemical oxidized, thus in situ cleaning the surface. However, this
electrochemical surface oxidation/reduction cleaning also perturbs the surface struc-
ture and, as shown with gold single-crystal electrodes [56, 57], the well-defined
surface structure of the Au single-crystal electrodes is clearly modified with the
electrochemical oxidation/reduction cycles. In this way, despite the structural
changes induced by a single-oxidation cycle with gold surfaces are remarkably
smaller than those observed for Pt electrodes [58], this surface oxidation/reduction
cleaning treatment should not be performed.

Also, by using different underpotential deposition (UPD) processes, some infor-
mation about the surface cleanness can be also deduced. Among others, lead (Pb)
UPD on Au [59–65] and copper (Cu) UPD on Pd [66–68] and Pt [69, 70] are particularly
interesting. Figure 3.5 displays the corresponding Pb UPD features obtained with
clean and contaminated Au nanoparticles [63]. As previously discussed, through the
analysis of the definition of the different voltammetric features, relevant information
about the cleanness of the surface can be extracted.

With all these previous aspects in mind, in the following section, we will sum-
marize some of the most representative decontamination protocols that have been
verified, particularly using electrochemical probes, and applied to different shape-
controlled metal nanoparticles.

3.2.2.2 Surface cleaning methodologies for shape-controlled metal nanoparticles
The first examples of clean shaped metal nanoparticles were reported by our group in
2004 [71, 72]. In brief, cubic Pt nanoparticles prepared in the presence of NaPA were
cleaned by direct addition of some NaOH pellets to the colloidal suspension. The

112 3 Shape-controlled metal nanoparticles for electrocatalytic applications



addition of the NaOH induces the destabilization of the colloid and the nanoparticles
precipitate. The samples are then collected and washed a couple of times with ultra-
purewater. The clean cubic Pt nanoparticleswere finally stored in ultrapurewater. The
same cleaning protocol was applied later to cuboctahedral and tetrahedral–octahedral
Pt nanoparticles prepared using a similarmethodology (usingNaPAas capping agent).
The effectiveness of the cleaning was evidenced by the definition and reversibility of
the cyclic voltammograms in the so-called hydrogen region obtained in 0.5M H2SO4.

This cleaning protocol was found to be also effective with cubic Pd nanoparticles
prepared in the presence of cetyltrimethylammonium bromide (CTAB) [73–75].
Interestingly, Coutanceau and co-workers also verified that this alkaline cleaning
protocol was again effective, in this case, with cubic Pt nanoparticles prepared using
tetradecyltrimethylammonium bromide (TTAB) as capping agent [76, 77]. The electro-
chemical response of these TTAB-prepared cubic Pt nanoparticles in 0.5M H2SO4 was
essentially similar to that observed with the NaPA-prepared cubic Pt nanoparticles [46,
78–80], thus pointing out that, independent of the synthetic methodology used, and
particularly the chemical nature of the capping agent employed, similar nanoparticles
must display similar voltammetric features if they are properly cleaned.

Unfortunately, this cleaning protocol did not provide satisfactory results with
shaped Pt nanoparticles prepared with polyvinylpyrrolidone (PVP) [76, 81–83]. In
these contributions, the absence of well-defined voltammetric features denoted the
important presence of residual PVP blocking the surface sites. The PVP is one of the
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Figure 3.5: Voltammetric profiles corresponding with clean (solid line) and contaminated (dashed
line) Au nanoparticles obtained in 0.1M NaOH + 10−3M Pb(NO3)2 at 50 mV s−1. Reprinted from Ref.
[63], Copyright (2014) with permission from Elsevier.
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most usual capping agents for the preparation of shape-controlled metal nanoparticles
[84] and, to the best of our knowledge, the first evidence of clean shape-controlled Pt
nanoparticles prepared with PVP was published by Koper and co-workers [85] by
employing a H2O2/H2SO4 solution to remove the PVP. They claimed that the
PVP removal was physically removed from the surface of the nanoparticles by the
oxygen bubbling produced during the decomposition of the H2O2. Subsequently,
Levendorf et al. proposed a new protocol to obtain PVP-free cubic and octahedral/
tetrahedral Pt nanoparticles using an adapted liquid phase UV photo-oxidation tech-
nique [86]. In this case, after different washing steps with different solvents – acetone,
ethanol–hexane mixtures, and ethanol – the ethanolic suspension containing the
nanoparticleswas initially alkalinized. This basic solution containing the nanoparticles
was UV irradiated (254 nm) for 1 h, while about 1mL of O2-saturated H2O2 solution was
added to the solution every 10min. After that, the solution containing the nanoparticles
was finally purified by repetitive centrifugation and precipitation with ethanol. The
voltammetric profiles of these shaped Pt nanoparticles recorded in 0.5M H2SO4 as well
as TGA analyses evidenced the effectiveness of the cleaning protocol proposed.

Later, Yang et al. proposed an alternative electrochemical cleaning procedure to
obtained clean shape-controlled Pt nanoparticles prepared with PVP and also with
oleylamine/oleic acid [87]. The removal of the different capping agents was achieved
by cycling the samples (initially washed with a NaOH saturated ethanolic solution
(PVP samples) or with a hexane/ethanol mixture (oleylamine/oleic acid samples),
and finally redispersed in ethanol and hexane, respectively) between 0 and 1.0 V (vs.
RHE) in 0.5M NaOH at a scan rate of 0.5 V s–1 for at least 100 cycles. The sample was
then transferred to an electrochemical cell containing 0.5M H2SO4 where, by regard-
ing the so-called hydrogen region, the cleanness of the surface was evaluated. The
results obtained indicated that both PVP and oleylamine/oleic acid could be effec-
tively removed from the surface of the nanoparticles.

Very interestingly, Coutanceau and co-workers [88, 89] reported a much easier
method to clean shaped controlled Pd nanoparticles prepared with PVP. This proto-
col is essentially similar to the alkaline cleaning one but using a significantly higher
NaOH concentration. Briefly, the PVP-colloidal suspension containing the shaped Pd
nanoparticles was diluted with H2O after which NaOH was added until getting a 1M
NaOH solution. Under these conditions, the nanoparticles were collected by precipi-
tation and washed with water. The voltammetric profiles obtained in 0.5M H2SO4

displayed characteristics features of clean samples.
Neergat and co-workers reported two new cleaning protocol s for the removal of

PVP and others surface-regulating additives such as Br–, Cl–, and citrate ions employed
during the preparation of shape-controlled Pd nanoparticles [90, 91]. After some
preliminary cleaning steps for the removal of the excess of chemicals, the samples
were subsequently treated with tert-butylamine (TBA) [91] or NaBH4 [90] and finally
collected by centrifugation and washed with different solvents (ethanol or water).
However, and despite some improvement in terms of cleaning (about a 90% cleaning
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was estimated) and consequently on their electrocatalytic properties (enhanced ORR
activities), the samples were not completely clean as deduced from CHN analyses.

Luo et al. employed a combined TBA/NaBH4 cleaning to produce clean Pt-Pd
nanocubes obtained in the presence of PVP [92]. The removal of the PVP was carried
out by dispersing the nanoparticles in a TBA/NaBH4 aqueous solution (NaBH4/TBA/
water, 1.9mg/20 mL/5 mL) for 30 min under continuous stirring and at room tempera-
ture. The sample was then collected by centrifugation and washed with an ethanol/
acetone mixture. In this case, the surface cleaning was confirmed by Raman and FTIR
studies, and the electrocatalytic activity of the clean Pt–Pd nanocubes towards metha-
nol oxidation in 0.1M HClO4 displayed an evident enhancement.

Arán-Ais et al. presented a newmethodology to clean various shape-controlled Pt
nanoparticles prepared in oleylamine/oleic acid [93]. The different shaped Pt nano-
particles were initially washed with a hexane/ethanol mixture and then with a
methanolic solution containing NaOH. After complete precipitation of the nanopar-
ticles, the sample was washed with acetone. This treatment was repeated at least
three times, after which the sample was washed and stored in ultrapure water.
Subsequently, the samples were electrochemically characterized in 0.5M H2SO4

displaying well-defined voltammetric features. Interestingly, as shown in
Figure 3.6, if the shaped Pt nanoparticles were not conveniently cleaned, they
showed a voltammetric profile with a poor definition as a consequence of their
insufficient surface cleanness.
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Figure 3.6: Voltammetric profiles obtained with cubic Pt nanoparticles after being treated with
different cleaning protocols. Test solution: 0.5M H2SO4. Sweep rate: 50 mV s−1. Reprinted from Ref.
[93] with permission from John Wiley and Sons.
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More recently, Oezaslan et al. reported two novel approaches to clean Pt nano-
cubes obtained in the presence of PVP [94, 95]. In the first case [94], they proposed an
electrochemical cleaning for the removal of the capping agent. Thus, after testing
different supporting electrolytes (pH~ 1, 0.1M HClO4 and pH~ 13, 0.1M NaOH) as well
as different upper potential limits (0.8, 1.0, 1.2 and 1.4 V/RHE), they stated that the
electrochemical cycling (200 cycles at a scan rate of 200 mV s−1) up to 0.8 V in 0.1M
HClO4 was the most convenient one in terms of cleaning and particle shape stability.
In a subsequent contribution, they incorporated an optimized washing step before
electrochemical cleaning [95]. Based on FTIR results, they suggested that a washing
process in methanol/ethanol (3:1) significantly removed the physisorbed PVP. After
this washing step, the samples were electrochemically treated by cycling between
0.06 and 1.0 V vs. RHE for 200 cycles in an Ar-saturated 0.1M HClO4 solution.

For shape-controlled Au nanoparticles, the electrochemical deposition of a PbO2

film in alkaline solution [63–65, 96] has been shown to be a very effective cleaning
protocol. In brief, the cleaning consists in cycling the gold nanoparticles in the Pb2+

containing alkaline solution from 0.25 to 1.70 V (vs. RHE) to form the PbO2 film. The
electrocatalytic properties of the PbO2 film for the oxidation of organic species con-
tribute to the removal of the capping agents used. Interestingly, and despite the high
potential values, this process preserves the surface structure of the nanoparticles as it
was demonstrated with both single-crystal and polyoriented Au electrodes [65]. This
cleaning protocol has been successfully used for different shaped Au nanoparticles
prepared using very different capping agents including polyethylene glycol dodecyl
ether (Brij®30) [63], CTAB [55, 64], and PVP [97], among others. For instance, Hassel et
al. applied this cleaning methodology to different Au nanoplates prepared with PVP
[97]. As illustrated in Figure 3.7, the good definition of the voltammetric profile for the
PbUPD process obtained with the clean samples in comparison with the contaminated
ones clearly point out the effectiveness of this cleaning process.

Lee and co-workers used an O2 plasma treatment to obtain clean gold nanocrys-
tals prepared with PVP [54, 98]. After the cleaning, the cubic and octahedral gold
nanocrystals displayed well-defined voltammetric features in the surface oxide
region which were completely missing before the oxygen plasma treatment.

3.3 Characterization methodologies

3.3.1 Electrochemical probes for the characterization of the surface structure of the
shaped metal nanoparticles: qualitative and quantitative approaches

As discussed in the previous section, by using some electrochemical probes, the
surface cleanness of different shaped metal nanoparticles can be easily visualized.
However, these electrochemical probes can be also employed to gain relevant and
very detailed information about the surface structure of the different nanoparticles.
Thus, in this section, we will describe some of the most interesting electrochemical
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analysis to characterize the surface structure of the shaped metal nanoparticles. For
Pt and Pd surfaces, it is well-recognized that the voltammetric profile in the so-called
hydrogen region obtained in 0.5M H2SO4 solution can be taken as fingerprint of their
crystalline surface structure [99]. In this way, by simple inspection of the relative
intensity of the different voltammetric features present in this hydrogen region, one
can directly obtain qualitative information about the surface structure of the sample,
that is, about the different active sites present on the surface. To illustrate the case,
and focusing exclusively on Pt, Figure 3.8 shows the voltammograms obtained in 0.5
M H2SO4 with quasi-spherical, cubic, octahedral/tetrahedral, and truncated octahe-
dral Pt nanoparticles [46]. First, as mentioned in the previous section, the well-
resolved hydrogen peaks point out the correct surface cleanness of the shaped Pt
nanoparticles. Then, it is obvious that the voltammetric responses of the samples are
clearly different. As extensively described in previous contributions, and based on Pt
single-crystal surfaces, the main voltammetric features are (i) the peak at 0.12 V,
which is related to {110}-type sites; (ii) the peak at 0.27 V, which contains two
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contributions from (100) step sites on {111} terraces and the sites close to the steps on
the {100} terraces; (iii) the signals at 0.35–0.37 V attributed to ordered {100} terraces;
and (iv) the signal at 0.5 V, related to the ordered {111} terraces. As expected, all these
voltammetric profiles can be perfectly correlated with those reported with Pt single-
crystal electrodes [99].

In this way, and from the relative distribution of charge among the voltammetric
peaks, it is possible to get a qualitative analysis of the relative distribution of electro-
chemically available Pt sites present at the whole surface of each type of sample [99,
100]. Figure 3.9 schematically illustrates the correspondence between the voltam-
metric features and the different types of active sites present at the surface of a Pt
nanocube. By performing a similar analysis, but using the voltammetric profiles
displayed in Figure 3.8, it is now consistent to correlate the particle shape with the
corresponding surface structure and the quasi-spherical, cubic, octahedral/tetrahedral
and truncated octahedral Pt nanoparticles present a polyoriented, (100), (111), and
(100)-(111) preferentially oriented surface structure, respectively. These results are in
good agreement with what it would be expected from the correlation between surface
structure and particle shape by using the stereographic triangle of a fcc metal
(Figure 3.1). However, it is also evident that the surface of all these Pt nanoparticles
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is very complex and it does not contain only a single type of surface sites, but all the
adsorption–desorption states are observed but presenting a different contribution as a
function of their particular surface structure [101]. In addition, it is worth noting that
these surfaces always present a determined number of surface defects (corner, edge,
step, and kink sites) also contributing to the resulting voltammetric profile.

Analogue studies can be also performed in other supporting electrolytes (0.1M
NaOH and 0.1M HClO4), although these media are less convenient for the analysis
of the surface structure of the shaped Pt nanoparticles due to the overlapping of
some voltammetric features [46]. Finally, it is worth mentioning that the overall
charge involved in the so-called hydrogen region is also known to be proportional
to the total amount of surface Pt atoms and, therefore, the integrated charge
obtained from the CV can be used to properly calculate the electroactive surface
area of the Pt nanoparticles. A similar analysis between the voltammetric profile in
the hydrogen region obtained in different supporting electrolytes and the surfaces
structure of the electrodes is also possible for Pd surfaces. Readers interested in this
topic are referred to [49].

As previously stated, the surface cleaning must be performed without perturbing
the surface structure of the nanoparticles. In this way and considering the high
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sensitivity of the hydrogen region to the surface structure, this reaction can help to
verify if the cleaning protocol alters or not the surface structure of the sample. To
exemplify this question, Vidal et al. [102] electrochemically showed that the UV/
ozone cleaning protocol strongly perturbed the surface structure of different shaped
Pt nanoparticles. However, in agreement with Somorjai and co-workers [103–105] for
shaped Pt nanoparticles and with Kiwi-Minsker [106] with PVP-stabilized Pd nano-
cubes, neither the shape nor the size of nanoparticles was affected by the treatment.
This contribution clearly evidenced that the key parameter determining the resulting
catalytic or electrocatalytic activity is the surface structure but not the shape of the
nanoparticles, Figure 3.10.

On the other hand, from the analysis of the oxide formation region, some information
about the surface structure can be extracted particularly for Au and Pd surfaces. For
Au surfaces, the voltammetric profile of the surface oxide region displayed charac-
teristics features that can be assigned to specific surface structures. This analysis is
again based on Au single-crystal electrodes [51, 52] and it has been already employed
for the characterization of the surface structure of different shape-controlled Au
nanoparticles [53–55]. For instance, Figure 3.11 shows the cyclic voltammogram of
octahedral, truncated octahedral, and truncated tetrahexahedra (THH) Au nanocrys-
tals obtained in 0.5M H2SO4 solution [53]. From the different voltammetric features
appearing in the surface oxide region and based on the previous information gained
with Au single-crystal electrodes, the correlations between particle shape and surface
structure of the gold nanocrystals can be properly established. Monzó et al. per-
formed a similar analysis of the oxide formation region in alkaline solution [55].
Cubic and octahedral Au nanoparticles displayed distinct voltammetric features in
this region which were compared with those previously reported with Au single-
crystal electrodes.

Octahedral After ozone
treatmentnanoparticles TEM image TEM image

5 nm 5 nm

Figure 3.10: Schematic representation showing two Pt nanoparticles with a similar particle shape
(octahedron) but distinct surface structure. Reprinted from Ref. [102], Copyright (2011) with permis-
sion from Elsevier.
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The employ of some UPD processes to characterize the surface structure of differ-
ent shaped metal nanoparticles is also a very interesting approach because these
processes are very sensitive to the surface structure of the electrodes [107, 108]. For
instance, Pb UPD has been extensively used on different shaped Au nanoparticles
[55, 64, 65, 97, 109–111]. As shown in Figure 3.12, the Pb UPD displays distinctive
features as a function of the surface structure of the shaped Au nanoparticles. The
figure clearly shows a preferential {100} and {111} surface structure for the (C) cubic
and (D) octahedral Au samples, respectively. However, for the spherical samples, and
independently of their particle size, the Pb UPD profile shows the characteristic
response of a polyoriented surface structure.

Also, Cu UPD has been used for shaped Pd nanoparticles, particularly for Pd
nanocubes [112–114]. In addition, these UPD processes can be also used to calculate
the real area of the electrode from the charge involved in the UPD reaction and
subsequently normalized with a specific charge density normalization (generally
obtained from a polyoriented surface).

Up to now, the different surface structure electrochemical probes discussed are
essentially qualitative, that is, from the relative intensity of the characteristic fea-
tures, it is possible to visualize which surface structure is preferentially present at the
surface of the shaped metal nanoparticles. However, it would be much more desir-
able to have some electrochemical surface probes to quantitatively analyse the sur-
face structure of the nanoparticles. Thus, in the following, wewill summarize some of
the different approaches proposed for the quantitative characterization of the surface
structure of the shaped metal nanoparticles. For Pt surfaces, different alternatives
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have been reported. Feliu and co-workers proposed a methodology based on the
redox behaviour of some adatoms, (Bi, Te, and Ge) spontaneously adsorbed at the
surface of different Pt single crystals [99]. They found that Bi [115, 116] and Te [117]
were sensitive to the presence of {111} terrace domains, while Ge [118] was sensitive to
the {100} ordered domains. Interestingly, by using basal planes and stepped surfaces,
they observed a linear correlation between the specific response of the adatom and
the terrace density of the different Pt electrodes (Figure 3.13). In this way, for any Pt
surface, after performing the Bi and Ge experiments, and using these calibration
plots, the quantification of the {111} and {100} oriented domains present at the surface
is possible.

This methodology has been satisfactorily applied to quantify the {111} and {100}
oriented domains at the surface of different shape-controlled Pt nanoparticles [99,
116] and it is nowworldwide adapted [119–124]. Using a similar concept, other surface
structure-sensitive reactions have been proposed including the desorption–adsorp-
tion of hydroquinone-derived adlayers (Figure 3.14) [125] and the reduction of acet-
aldehyde [126] for {111} domains, and the ammonia electrooxidation [127] for {100}
domains.
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For Au surfaces, El-Deab et al. [128–131] showed that the reductive desorption of
different thiol compounds such as cysteine, mercaptoacetic acid, or cystamine can be
used to obtain the fraction of the surface sites in various gold nanostructures. In this
regard, it is worth noting that although the Pb UPD has been widely used for different
shaped Au nanoparticles, to the best of our knowledge, a quantitative analysis of this
Pb UPD voltammetric profile is still missing.

Similarly, but for Pd surfaces, Cu UPD can be used to quantify the {100}, {110}, and
{111} surface domains. To illustrate this analysis, Figure 3.15 shows the Cu UPD
obtained with Pd nanocubes also including the corresponding fitting using five
Lorentzians located at the characteristic contributions of the {100}, {110}, and {111}
surface domains (based on similar experiments on Pd single crystals [132, 133]). The
percentage of sites of a given surface is calculated by normalizing the area under its
corresponding signal also taking into consideration the calculated charges for a
complete Cu monolayer on Pd(111), Pd(100), and Pd(110) single crystals (486, 421,
and 297 µC cm−2, respectively). In this particular case, the percentage of {100} surface
sites on the Pd nanocubes was found to be 57 ± 3% [113].

Obviously, it is worth noting that all these previousmethodologies are particularly
interesting for pure metal nanoparticles (Pt, Pd, and Au). However, it is also evident
that the increasing use of more complex systems including alloys, core-shell, nano-
frames, high-index-faceted (convex or concave) and excavated metal nanoparticles,
among others, makes this electrochemical surface structure characterization including
a correct determination of the electroactive surface area [48–50, 134] much more
difficult. These are remaining challenges to be overcome in the forthcoming years.
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3.3.2 Electrocatalysis on shape-controlled metal nanoparticles: representative
cases for relevant electrochemical reactions

In this next section, we will review some of the most relevant advances on the use of
shape-controlled metal nanoparticles in electrocatalysis. This section will cover reac-
tions of interest for low-temperature fuel cells such as formic acid, methanol and
ethanol electrooxidations and oxygen reduction, and also other relevant electroche-
mical reactions such as CO2 electroreduction. However, it is worthmentioning that this
section will only include contributions that fulfil with the requirement of surface
cleanness and that contribute to a better understanding of the correlations between
surface structure/shape and electrochemical reactivity.

To the best of our knowledge, the first examples of shape-controlled metal nano-
particles in electrocatalysis were reported by our group in 2004 [71, 72]. In these
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contributions, we synthetized cubic Pt nanoparticles using a similar methodology to
that described in 1996 by El-Sayed and co-workers [14] and based in a chemical
reduction of K2PtCl4 by H2 in the presence of NaPA. As expected from Figure 3.1, the
cubic Pt nanoparticles displayed a preferential {100} surface structure as deduced from
the voltammetric profile of the nanoparticles obtained in 0.5M H2SO4. The cubic Pt
nanoparticles were tested towards ammonia electrooxidation in alkaline solution and
showed an enhanced activity due to extreme sensitivity of this reaction to the presence
of {100} sites as illustrated from Pt single-crystal studies [135, 136]. These results clearly
evidenced that by tuning the surface structure of the nanoparticles by means of
controlling their particle shape, improved electrocatalytic activity were achieved.
From these first examples,many other contributions have been and are being currently
published reporting a clear correlation between particle shape and or surface structure
and enhanced electrocatalytic activities. In fact, there already exist several and excel-
lent reviews related to the application of shaped metal nanoparticles for different
electrocatalytic reactions [6, 7, 20, 137–150].

3.4 Formic acid electrooxidation

Formic acid electrooxidation is a very valuable reaction, not only because it is a
model reaction for a two-electron-transfer reaction, but also for its possible use as
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Figure 3.15: Cu UPD fitting on the Pd nanocubes. Test solution 0.1M H2SO4 + 1mM CuSO4 + 1mM
NaCl, scan rate 50 mV s−1. Reproduced from [113] with permission of the International Union of
Crystallography.
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fuel in the so-called direct formic acid fuel cells (DFAFCs) [5, 151–153]. On metal
surfaces, this process is accepted to proceed through a dual path mechanism [154–
156]: a direct pathway via an adsorbed active intermediate (the nature and role of this
active intermediate are still under strong discussion at fundamental level) that read-
ily yield to CO2, and a second pathway involving the formation of adsorbed CO, which
is considered to be a poisoning intermediate, that is subsequently oxidized to CO2 at
high overpotentials. On Pt surfaces, both reaction paths are structure sensitive, and
the Pt(100) surface is the most active but also the most sensitive to the CO poisoning
[152]. This surface structure sensitivity was first observed with shape-controlled Pt
nanoparticles by Tian and co-workers [29] who reported that tetrahexahedral (THH)
Pt nanocrystals displayed, in comparison with polycrystalline Pt nanospheres and
commercial Pt/C catalyst (E-TEK Co., Ltd), a clear enhanced activity (about 4 and 3
times higher than for the nanospheres and the commercial catalyst, respectively).

The effect of the presence of {100} Pt domains at the surface of the nanoparticles
was subsequently explored by our group by using cubic Pt nanoparticles [78, 157]. In
brief, spherical, cubic, cubo-octahedral, and tetrahedral-octahedral Pt nanoparticles
were prepared in the presence of NaPA and employed towards formic acid electro-
oxidation. As expected, we observed clear similarities between the response of the
nanoparticles and those obtained with the model Pt surfaces. In particular, the cubic
Pt nanoparticles, that is, those nanoparticles having a preferential (100) orientation
showed the highest activity as well as the fastest CO poisoning in good agreement
with previous single-crystal experiments [152].

Since these initial works, some other contributions have reported enhanced
activities towards formic acid electrooxidation by using shaped Pt nanoparticles
including concave Pt nanocrystals having {411} high-index facets [158], trapezohe-
dral (TPH) Pt nanocrystals enclosed by {522} high-index facets [159], highly concave
Pt nanoframes [160], truncated octahedral, cuboctahedral, and cubic shape-con-
trolled (< 10 nm) Pt nanoparticles [34], and concave Pt nanocubes [161], among
others.

Shape-controlled Pd nanoparticles have been also extensively used for formic
acid electrooxidation due to their unique properties. On Pd surfaces, the dehydration
step is strongly hindered (CO is not spontaneously formed) and, therefore, the
reaction directly proceeds through the direct path. In addition, the onset oxidation
potential is about 200mV lower than that observed for Pt [153, 162]. Also, the reaction
is structure sensitive and the Pd(100) was found to be the most active surface among
the basal planes, both in sulphuric and in perchloric acid solutions [163, 164]. In this
regard, Jin et al. [112] and Zhang et al. [165] reported the first examples of shaped Pd
nanoparticles towards formic acid electrooxidation. Jin et al. evaluated a collection of
shaped Pd nanoparticles including cubes, truncated cubes, cuboctahedra, truncated
octahedra, and octahedral [112]. As expected from single crystals, the activity was
found to be dependent on the fraction of {100} domains, and the cubic nanoparticles
displayed the highest activity, Figure 3.16. Similarly, Zhang et al. employed rhombic
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dodecahedra and cubic Pd nanoparticles and again the cubic ones displayed the
highest electrocatalytic activity towards formic acid electrooxidation [165].

Different contributions were subsequently reported using very different shaped
Pd samples including, among others, cubic and spherical Pd nanoparticles [75];
different concave Pd nanocrystals (nanocubes, fivefold twinned nanorods and right
bipyramids) [166]; twinned icosahedra, cubic and octahedral Pd nanoparticles [167];
cubic, octahedra, icosahedra, and right bipyramids [168–170]; monodispersed
(50 nm) palladium nanocrystals, including cubes, octahedral, and rhombic dodeca-
hedra [171]; length tuneable penta-twinned Pd nanorods [172]; tetrahedral Pd nano-
crystals [173]; cubes [174]; penta-twinned Pd nanowires [175]; and branched Pd
nanoparticles [176].

The incorporation of a second element both on Pt and on Pd surfaces is a classical
approach to enhance their electrocatalytic properties towards formic acid electroox-
idation [153, 177, 178]. The resulting enhancements can be justified by third-body,
electronic, and/or bifunctional effects. Third-body effects take place when the second
element acts as a mere spectator, blocking certain surface sites, thus effectively
inhibiting some undesired reactions. On the other hand, electronic effects happen
when the second element changes the electronic properties of the bare surface. In
this aspect, the so-called d-band centremodel [179] iswidely accepted and explains the
possible modifications of the electronic properties and binding energies of a transition
metal surface, after the incorporation of a secondmetal, and their correlationswith the
resulting catalytic activity. Finally, bifunctional effects take place if the second metal
facilitates the reaction mechanism by providing some functional groups at low
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potentials. Obviously, this strategy has been also employed with shape-controlled
metal nanoparticles by exploring two different approaches: (a) shape-controlled Pt or
Pd alloy-based nanoparticles and (b) decoration of the surface of the shaped Pt and Pd
nanoparticles with different adatoms.

Several and outstanding contributions have been reported on the use of shape-
controlled Pt and Pd alloy nanoparticles towards formic acid electrooxidation [21, 139,
143, 144, 180]. These contributions include PdPt alloy nanocubes with tunable compo-
sitions [181], Pt3Fe nanocubes [182], PtCu nanocubes of different atomic composition
(PtxCu100-x (x = 54–80 atomic %)) [183, 184], Pt-Cu nanooctahedra [185, 186], PtMn
nanocubes [187], different polyhedral AuPd core-shell structures (60–80 nm) having
high-index facets (concave trisoctahedral (TOH) and hexoctahedral (HOH) crystals
both with {hkl} facets and THH crystals with {hk0} facets)) [188], HOH AuPd alloy
nanoparticles [189], THH PdPt alloy nanocrystals [190], excavated rhombic dodecahe-
dral (ERD) PtCu3 alloy nanoparticles[191], cubic Pd–Ni–Pt core-sandwich-shell nano-
particles [192], and PdCu bimetallic tripods [193], among many others. Obviously, the
optimal atomic composition and particle shape depends on each specific system.

On the other hand, the use of certain adatoms to selectively decorate the surface of
different shape-controlled metal nanoparticles towards formic acid electrooxidation
has been also explored in different contributions. Feliu and co-workers employed
different adatoms including Bi [194, 195], Pd [196, 197], Sb [198], and more recently Tl
[199] and Pb [200] as surface modifiers on different shaped Pt nanoparticles. Sun and
co-workers also used Bi [194] and Au [201] with THH Pt nanocrystals. Improved
electrocatalytic activities were obtained in all these cases, although the enhancement
factor is determined by the surface structure of the substrate and the nature and
coverage of each adatom.

Using a similar concept, Yang and Lee reported a very interesting approach by
which the surface of gold octahedral nanocrystals was decorated with the epitaxially
deposited Pt atoms [54]. In this case, the shaped gold nanoparticles acted as substrate
to control the Pt deposition which varied from fully covered multiple overlayers (about
5 monolayers) to atomically dispersed sub-monolayer (0.05 monolayer). The electro-
catalytic activity of the Pt modified gold nanoparticles was found to be strongly
dependent of the Pt coverage and, for a Pt coverage of about 0.05 monolayer, a huge
enhancement was observed.

3.5 Methanol electrooxidation

Methanol electrooxidation is also of great interest for fuel cell applications [5, 202].
On metal surfaces, this reaction is also known to be sensitive to the surface structure
[203–205] and therefore, many different shaped controlled metal nanoparticles have
been evaluated. For Pt nanoparticles, we clearly showed the effect of the shape/
surface structure of the nanoparticles by using cubic, octahedral/tetrahedral, and
truncated octahedral Pt nanoparticles (about 8–10 nm) prepared with NaPA [78]. The
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results obtained indicated that the octahedral Pt nanoparticles displayed the highest
activity towards methanol electrooxidation in 0.5M H2SO4 solution.

Chen et al. studied very small (about 3.5 nm) cubic Pt nanoparticles prepared in
the absence of surfactant [206]. The activity of the cubic nanoparticles towards
methanol oxidation in KOH solution was found to be significantly higher than that
obtained with a commercial Pt/C catalyst.

Interesting contributions have been reported for Pd nanoparticles due to their
intrinsic CO tolerance. Arjona et al. prepared 10 nm cubic Pd nanoparticles and
reported an enhanced activity towards methanol oxidation in alkaline solution in
comparison with a commercial Pd catalyst [207]. Cubic Pd nanoparticles were also
evaluated toward methanol electrooxidation by Kannan et al. who reported a clear
enhancement (about 11 times) in comparisonwith a commercial Pd/C catalyst in HClO4

solution [208]. Qin et al. employed star-like and concave Pd nanoparticles which also
showed an enhanced activity (more than three times) in comparison with commercial
Pd/C in alkaline medium [209].

As previously discussed for formic acid electrooxidation, the use of shaped con-
trolled Pt and Pd alloy nanoparticles and the adatom surface decoration of different
shapedmetal nanoparticles are widely accepted strategies for obtaining better electro-
catalysts for methanol electrooxidation. Two contributions will be briefly discussed to
exemplify these two different approaches, both dealing with the Pt-Ru system which
has been widely considered for this reaction and where the incorporation of Ru
promotes the formation of oxygen species at low potential, thus facilitating the reac-
tion through a bifunctional mechanism [210, 211] On the one hand, Sun and co-workers
reported that Ru-decorated THH Pt nanoparticles displayed a high tolerance to CO
poisoning and an onset oxidation potential shift of about 100 mV towards more
negative potentials [212]. In comparison with Ru-decorated Pt/C and with commercial
PtRu alloy nanoparticle catalyst, these Ru-decorated THH Pt NPs showed a higher
activity in the low potential range.

On the other hand, very recently, Huang et al. reported the preparation of shaped
controlled PtRu alloy nanoparticles and their use for methanol electrooxidation in
HClO4 solution [213]. In more detail, PtRu nanowires, nanocubes, and nanorods were
synthetized through a one-step solvothermal method. The results indicated that the
{111}-terminated PtRu nanowires displayed higher activity and stability than those
obtained with the {100}-terminate PtRu nanocubes.

Obviously, many other systems have been evaluated for methanol electroox-
idation including PtPd nanocubes [214]; PtPd nanotetrahedra [215]; octahedral PtPd
alloy nanoparticles [216]; multiply twinned PtPd nanoicosahedra [217]; concave
PtPd nanocubes [218]; cubic, rod-like, quasi spherical, concave cubic, and TOH
Au nanoparticles [219]; plate-like and truncated octahedral Cu nanocrystals [220];
concave PtCu [221] and PtPdCu [222] nanocubes; Pt3Co nanoflowers and nanocubes
[223]; PtZn nanocubes [224]; platinum−copper nanowires [225]; deeply excavated
Pt3Co nanocubes [226]; excavated octahedral Pt-Co alloy nanocrystals [227];
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platinum–copper rhombic dodecahedral (RD) nanoframes [228]; platinum–silver
alloyed octahedral nanocrystals [229]; screw-like PdPt nanowires [230]; and Cu-rich
PtCu octahedral alloy nanocrystals [231], among others.

3.6 Ethanol electrooxidation

Ethanol electrooxidation has been also the subject of innumerable studies. Due to
difficulties in C–C bond cleavage, the ethanol oxidation, however, is often incomplete,
resulting in a number of by-products other than CO2 such as acetaldehyde and acetic
acid. As previously stated for methanol, on metal surfaces, this reaction is also surface
structure sensitive [232–234] and, consequently, susceptible of being studied on
shaped controlled metal nanoparticles. Tian and co-workers [29] reported that THH
Pt nanocrystals displayed an enhanced activity towards ethanol electrooxidation in
comparison with polycrystalline Pt nanospheres and commercial Pt/C catalyst (E-TEK
Co.). Wei et al. also reported that concave THH Pt nanocrystals (bounded by {910}
faces) prepared in deep eutectic solvents were more active (about 2 times) than a Pt
black catalyst in HClO4 solution [235]. Also, Huang et al. showed that concave poly-
hedral Pt nanoparticles having {411} high-index faces exhibited an enhanced electro-
catalytic activity over commercial Pt catalysts towards ethanol oxidation reaction in
HClO4 [158]. Similarly, Zhang et al. also reported a higher ethanol oxidation activity (in
HClO4) with multipod and concave Pt nanocrystals, mainly exposing {211} and {411}
high-index facets, respectively, than that observed with Pt/C and Pt nanocubes [236].
Interestingly, Zhou et al. showed that THH Pt nanoparticles, prepared from an electro-
chemical perturbation of Pt nanocubes (10 nm) in H2SO4, displayed a remarkable
increase in activity towards ethanol oxidation, in comparison with the original Pt
nanocubes and commercial Pt nanoparticles [237]. All these previous contributions
clearly point out the benefits of having nanoparticles containing high-index surfaces
for ethanol electrooxidation. However, “low-index” metal nanoparticles have been
also evaluated and, for instance, Busó-Rogero et al. systematically evaluated the
ethanol oxidation on different shaped Pt nanoparticles including spherical, cubic,
and octahedral Pt nanoparticles both in acidic and in alkaline solution [238–240].
The results obtained clearly agreed with those previously found with Pt single-crystal
electrodes [232–234].

Apart from Pt, shaped controlled Pd and Rh nanoparticles have also been
employed for ethanol electrooxidation including cubic Pd nanoparticles [207], concave
Pd nanocubes [241], and THH Rh nanocrystals [242]. Obviously, several shaped metal
alloy nanoparticles have been considered for this reaction. Among others, Chen et al.
used different shaped PtPd alloys supported in graphene for ethanol electrooxidation
[243]. Higher electrocatalytic activities and better tolerance to poisoningwere observed
for all shapes in comparison with Pt nanoflowers, Pd nanoparticles, and unshaped
PtPd nanoparticles supported on carbon black. Rao et al. employed different PtRh alloy
nanocubes supported on graphene [244]. In this case, a Pt:Rh atomic ratio = 9:1 was
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found to be the most convenient for ethanol oxidation. High-index PtRh nanocrystals
including {830}-bounded THH and {311}-bounded trapezohedron (TPH) have been also
tested [30]. Hong et al. evaluated AuPd octapodal nanoparticles in comparison with
flower-like AuPd alloy nanoparticles and a commercial Pd/C catalyst [245]. Also, Zhang
et al. reported the preparation of monodisperse Au–Pd alloy nanoparticles with sys-
tematic shape evolution from RD to TOH, and HOH structures by varying the concen-
tration of surfactant in the surfactant-mediated synthesis [246]. The catalytic activities
toward ethanol electrooxidation were in the order of HOH > RD > TOH, following the
same order of their corresponding surface energies. More recently, Rizo et al. studied
the ethanol electrooxidation on PtSn nanocubes [247]. They observed that the electro-
chemical activity of the cubic Pt−Sn nanoparticles was found to be about three times
higher than that obtained with unshaped Pt−Sn nanoparticles and six times higher
than that of Pt nanocubes. Very interestingly, Erini et al. have recently explored the use
of octahedral PtNiRhnanoparticles, having a fixed Pt:Ni ratio and different Rh contents
(between 1 and 6 atomic %), towards ethanol electrooxidation [248]. These multi-
metallic samples displayed a good electrochemical activity and stability towards
ethanol oxidation in alkaline solution.

On the other hand, ethanol electrooxidation is also suitable of being optimized
by using adatom-decorated shaped metal nanoparticles. For instance, Wang et al.
studied Bi-decorated THH Pd nanoparticles towards ethanol oxidation in alkaline
medium [249]. The activity of the Bi-decorated samples was found to be about 3 and
12 times higher than that of bare THH Pd nanoparticles and a Pd/C catalyst, respec-
tively, at the optimum Bi coverage. Similarly, Busó-Rogero et al. employed different
adatoms (Sn, Rh, Ru, and Pb) to systematically decorate the surface of different
shaped Pt nanoparticles and studied their electrocatalytic properties for ethanol
electrooxidation both in acidic and in alkaline solutions [250]. However, in all
cases, the enhancement was very limited.

3.7 Oxygen reduction reaction

Oxygen reduction reaction (ORR) is, without any doubt, one of the most studied
reactions in electrocatalysis [139, 143, 251–255]. Among pure metals, Pt presents the
highest electrocatalytic activity for the 4e− pathway to water [256–259]. ORR is also
known to be sensitive not only to the surface structure of the electrode but also to the
used electrolyte [260]. This surface structure sensitivity has been also demonstrated
on different shapedmetal nanoparticles. Thus, for instance, Inaba et al. used cubic Pt
nanoparticles prepared in the presence of NaPA which displayed a high activity for
ORR inH2SO4 solution [261]. Similarly, Sánchez-Sánchez et al. also evaluated the ORR
activity of different shape-controlled Pt nanoparticles by using the scanning electro-
chemical microscope (SECM) [262]. The results pointed out the good agreement
between the ORR activity of the shaped Pt nanoparticles and the results obtained
with Pt single-crystal electrodes. In this regard, Tripkovic et al. [263] reported
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a density functional theory (DFT) study dealing with the effect of the shape of Pt
nanoparticles on the ORR activity in a non-adsorbing electrolyte. The results showed
that the tetrahedral Pt nanoparticles provided the highest activities and the cubic Pt
nanoparticles the least actives. These findings are in good agreement with previous
experimental observations on shape-controlled Pt nanoparticles [262] in a non-
adsorbing electrolyte such as HClO4. In addition, taking into account that stepped
Pt single-crystal surfaces usually displayed higher ORR catalytic activity than that
observed for the basal surfaces [256–259], several high-index Pt nanoparticles have
been explored towards ORR. Readers interested in this topic are referred to some
relevant reviews [141, 147–149].

Shaped Pd nanoparticles have been also extensively tested for ORR. Xiao et al.
used Pd nanorods and observed a specific activity about 10 times higher than that of
Pd spherical nanoparticles [264]. Shao et al. [265], Erikson et al. [73, 74], and Lee et al.
[266] also reported enhanced ORR activities by using Pd nanocubes containing a
preferential {100} surface structure. Relevant reviews about the electrocatalysis of
Pd-based nanomaterials for ORR are already available in the literature [267, 268].

Among the vast literature existing dealing with the use of shaped metal alloy
nanoparticles towards ORR [32, 33, 37, 139, 143, 146, 150, 180, 253, 255, 262, 269–272],
the system Pt-Ni is particularly relevant. Stamenkovic et al. published that the ORR-
specific activity at 0.9 V of a single-crystal Pt3Ni(111) surface was about 90 times
higher than that of a commercial Pt/C in 0.1M HClO4 solution [273]. This finding
clearly marked the efforts towards the preparation of octahedral Pt3Ni nanoparticles
and their use for ORR [274]. To the best of our knowledge, the first example of shape-
controlled Pt3Ni nanoparticles was reported by Zhang et al. [275] who prepared Pt3Ni
octahedra and nanocubes and observed that the ORR-specific activity of the Pt3Ni
octahedra was about five times higher than that obtained with Pt3Ni nanocubes,
Figure 3.17. In addition, the specific and mass activities of Pt3Ni-octahedra/C were
about seven and four times higher than that of a commercial Pt/C electrocatalysts.

Since this first contribution, many other approaches have been reported and for
the readers’ interests in this particular topic, we refer to some recent reviews by
Strasser et al. in which the most relevant advances are visually summarized
(Figure 3.18) in terms of ORR Pt mass activities [150, 276, 277].

3.8 CO2 electroreduction

The electrochemical reduction of CO2 is being the subject of numerous efforts basi-
cally with two main objectives: (i) decreasing the CO2 concentration at the atmo-
sphere (this high concentration strongly contributes to the greenhouse effect and
climate change) and (ii) transforming this CO2 into valuable chemicals and/or fuels.
However, this reaction presents a very complicated chemical reaction mechanism,
and multiple electron-transfer processes with manifold coupled consecutives inter-
mediates can take place [278–282]. In addition, and due to its particular structure,
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CO2 is quite thermodynamically and kinetically stable, requiring usually high over-
potentials in order to produce C1, C2, and even C3 compounds. Also, the hydrogen
evolution reaction (HER) is its serious competitive reaction in aqueous solution
which give rises to low faradaic efficiencies. Nevertheless, on the other hand, it is
also well-established that the product selectivity during the CO2 electroreduction
is strongly determined by the nature of the metal and also by the surface structure
[283–288].
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Therefore, and due to this surface structure sensitivity, different shape-con-
trolled metal nanoparticles have been evaluated. Among others, Cu is particularly
the most interesting metal due its unique properties to convert CO2 into different
hydrocarbons, mainly methane (CH4) and ethylene (C2H4) [150, 289–292]. For
instance, Chen et al. [293] showed that on Cu mesocrystals having {100} oriented
facets, the faradaic efficiency towards ethylene formation was about 18 times larger
than that of methane. Similarly, Nilsson and co-workers used Cu nanocubes to
selectively produce ethylene over methane due to their preferential {100} surface
structure [294, 295]. Also, Kwon et al. [296] reported a selective production of ethylene
on Cu nanocubes prepared using a halide based electrochemical treatment. On these
nanocubes, the faradaic efficiency towards ethylene was found to be 1.5 higher than
that for polycrystalline copper (at −1.0 V vs. RHE). Interestingly, the faradaic effi-
ciency for ethanol was also remarkably high (about 8%). Gao et al. tested the
behaviour of Cu nanocubes with tunable {100} facet and oxygen/chlorine ion content
by using a low-pressure plasma pre-treatment towards CO2 electroreduction [297].
The results obtained displayed high selectivity for ethylene, ethanol, and n-propanol
and a maximum faradaic efficiency of about 73% for C2 and C3 compounds.
Additionally, Cu nanocubes with different edge length (24, 44, and 63 nm) were
also evaluated by Loiudice et al. [298]. Among the samples, the 44 nm cubic samples
displayed the highest faradaic efficiency for ethylene (about 41%). More recently,
Jeon et al. reported that prism-shaped Cu catalysts displayed a high C2H4 production
(about four times higher) in comparison with that observed with a planar Cu elec-
trode (figure 19) [299].

Other shapes such as Cu nanowires [300–302], hierarchical Cu pillar [303], and
Cu nanofoam [304] have been also explored.
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Different shaped silver (Ag) nanoparticles were also evaluated for CO2 electro-
reduction. For instance, Liu et al. showed that triangular Ag nanoplates having
{100} domains exhibited improved electrochemical properties towards CO in com-
parison with similarly sized Ag nanoparticles (SS-Ag-NPs) and bulk Ag [305].

Lately, Peng et al. employed a simple anodization treatment to prepare preferen-
tially oriented metallic Ag nanoparticles with high activity and high selectivity for the
reduction of CO2 to CO [306]. The {110} and {100} preferentially oriented Ag nanocrys-
tals displayed faradaic efficiency of about 97% (at −0.69 V vs. RHE), which was
significantly higher than that obtained with polycrystalline Ag (60% at −0.87 V vs.
RHE). Other systems such as Ag nanocorals [307] and Ag nanoporous electrodes [308]
have also exhibited high selectivity towards CO.

Shape-controlled Pd nanoparticles are particularly interesting to produce formate.
Klinkova et al. [309] employed different shaped Pd nanoparticles for the electroreduc-
tion of CO2 to formate. The results obtained suggested that the presence of high-index
surfaces enhances the electrocatalytic performance (figure 3.20). Thus, the high-index
samples displayed a faradaic efficiency of about 97% towards formate at a low over-
potential (−0.2 V vs. RHE).

Interestingly, Gao et al. have recently published a perspective summarizing the beha-
viour of different Pd- and Pd-based nanostructures towards CO2 electroreduction
mainly towards formate [310]. Moreover, the electrochemical reduction of CO2 towards
CO is also possible on Pd surfaces. In this regard, Huang et al. reported the CO produc-
tion on octahedral and icosahedral Pd nanoparticles. The results obtained showed that
the faradaic efficiency for CO production on Pd icosahedra (about 91% at 0.8 V vs. RHE)
was found to be almost two times higher than that observed on Pd octahedra [311].

CO2

Low Index High Index

Figure 3.20: Schematic representation displaying the beneficial effect of the abundance of high-
index Pd surfaces to maximize the electrocatalytic reduction of CO2 towards formate. Reprinted with
permission from Ref [309]. Copyright (2016) American Chemical Society.

3.8 CO2 electroreduction 135



Some zinc (Zn)-shaped nanostructures have been also studied. In particular,
nanodendrites [312] and hexagonal [313] Zn electrodes have demonstrated remark-
able activities for the selective production of CO.

Besides, different Bi nanostructures have been also considered for the selective
production of formate. Thus, Bi nanodendrites [314, 315] and Bi nanoflakes [316] have
displayed very high faradic efficiencies towards formate (96.4% and about 100%
respectively). On the other hand, in acetonitrile solution, shaped Bi nanoparticles
have displayed very high faradaic efficiency (about 96.1%) towards CO production
[317].

Furthermore, some shaped Au nanoparticles have been also explored including
nanowires [318, 319], concave RD [320], pore-like or pillar-like structures [321], and
nanocubes [322], among others. In all these cases, a selective conversion of CO2 to CO
is observed.

To complete this section, it is worth noting some relevant contributions dealing
with the use of metal alloy, core-shell, and adatom-decorated shaped electrocatalysts
for CO2 electroreduction. Very briefly, Zhao et al. employed Cu–Pt alloy nanocube
[323] with different Pt:Cu atomic compositions. The reduction potential becomes
more positive with increasing Cu content, and Cu85Pt15 nanocubes were found to be
the most convenient system for CO2 reduction.

On the other hand, Monzó et al. [322] tested Au–Cu core-shell nanoparticles in
which Au nanocubes were systematically covered with increasing Cu layers. As
illustrated in Figure 3.21, the product selectivity for the CO2 reduction was clearly
dependent on the thickness of the Cu shells.

Finally, Sun and co-workers evaluated the electrochemical reduction CO2 on Cu
decorated THH and {111}-faceted Pd nanoparticles [324]. In this case, both the Cu
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coverage and the surface structure of the substrate strongly determined the resulting
selectivity towards methanol and ethanol.

For those readers particularly interested in this reaction, we refer to some of the
recent and excellent reviews widely covering this topic [150, 277, 325–327].

3.9 Critical safety considerations

Due to the increasing number of applications using different types of nanomaterials,
and in particular metal nanoparticles, a great emphasis is nowadays focused on risk
assessment of these nanoscale metal materials. To the best of our knowledge, there is
no specific international protocols dealing with the possible risks of nanoparticles
and safety aspects to face during the various stages of preparation, manipulation,
and use. However, relevant contributions have been already reported on the litera-
ture about the potential toxicological effects associated with the employment of
nanomaterials in human environments [328–330] and in agriculture and food [331].

Additionally, some safety considerations for the employ of nanomaterials have
been also reported [332–336].

Very recently, Jeevanandam et al. have discussed about the types of toxic reac-
tions associated with different types of nanomaterials and the regulations implemen-
ted by different countries to reduce the associated risks [337].

It is worth noting that the toxicity degree of these metal nanoparticles is affected
by a number of factors including size, shape, agglomeration state, surface functio-
nalization, atomic composition, and dose, among others [338–342 343–345].
Consequently, their interaction with biological environment and living systems will
be determined by their physicochemical properties.

In conclusion, and despite some considerations and recommendations being
reported, there is no common international legislation dealing with their manipula-
tion and hazard assessment. More work is still required to properly understand the
toxic effects and safety aspects for short- and/or long-term exposition.

3.10 Conclusions and future perspective

Understanding the correlations between the shape and the surface structure of metal
nanoparticles and their resulting electrocatalytic properties necessarily requires the
use of clean nanoparticles. In this contribution, we have reviewed and discussed the
most significant protocols and procedures for producing clean shaped metal nano-
particles. In addition, a section focused on the employ of easy-to-do electrochemical
experiments to evaluate the cleanness of the nanoparticles have been also included.
Interestingly, the use of electrochemical surface structure-sensitive reaction allows
obtaining a detailed characterization of the surface structure of the shaped nanopar-
ticles both from qualitative and quantitative points of view. Finally, a collection of
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relevant studies on the use of different shaped metal nanoparticles for relevant
electrochemical reaction including electrooxidation of formic acid, methanol and
ethanol, and electroreduction of oxygen and CO2 have been also reported.

Despite the significant improvements due to the use of shaped metal nano-
particle in the field of the Electrocatalysis, there are still a number of issues
waiting to be explored including, (i) systematic long-term stability measure-
ments, particularly in-operando conditions, (ii) selectivity issues still need more
systematic studies, and (iii) the incorporation of these shaped metal electrocata-
lysts on practical electrochemical devices such as fuel cells, electrolysers, or
filter press-type reactors is still scarce.
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4.1 Introduction

4.1.1 Applications of gold nanoparticles

Gold nanomaterials have been a topic of intense investigation in the last few decades
owing to their unique optical, chemical, biological and catalytic properties. This is
due to some attractive physical characteristics, which are determined by physical
parameters such as particle size, morphology, surface, crystallinity and composition.
Gold nanomaterials are attracting a lot of interest in healthcare applications, analy-
tical sciences and catalysis [1–7]. In nanomedicine, Au nanomaterials offer the
potential to work on the same scale as many biological processes and cellular
mechanisms. They are applied as diagnostic, imaging and therapeutic agents or a
combination thereof [4, 5].
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When Au nanoparticles (NPs) are illuminated, conduction band electrons on their
surface are delocalized and undergo collective oscillation at the same frequency as the
incident light. This phenomenon, known as localized surface plasmon resonance
(LSPR), is responsible for absorption and scattering of light, which can aid their
detection by optical microscopy and enhance optical contrast as well as lead to
localized heating [8, 9]. The LSPR effect is sensitive to the size, shape and environment
of the NPs and this allows tuning their optical properties. If analyte molecules bind to
AuNPs either directly or via some linker ligands, the local refractive index changes and
the plasmon absorption shifts to longer wavelengths. The former results in colour
change, which makes NPs attractive for colorimetric sensors, while the latter can be
detected both by LSPR extinction or the angle of reflected light and are exploited in
other plasmonic sensors [5, 10]. Electric fields generated on the surface of the NPs
enhance Raman signals from molecules in their vicinity. This is termed as surface
enhanced Raman scattering [11]. Light absorption by very small NPs (nanoclusters)
induces photoluminescence, which is affected if analyte molecules interact with the
nanoclusters, either through covalent bonding or physical absorption. Fluorescence
quenching is another phenomenon that occurs when fluorophores are appended onto
Au NPs, and this is exploited in fluorescence resonance energy transfer assays [6, 12].

In addition to the above optical properties, Au NPs demonstrate catalytic proper-
ties, which can be tuned by particle size, surface functionality and intraparticle
separation. Such properties are exploited in various electrochemical and electroca-
talytic sensors. These optical, optoelectronic, electrochemical and electrocatalytic
properties are utilized for detection of biomolecules, such as proteins, DNA, oligo-
nucleotides and pathogens, but also whole cancer cells which are important for
healthcare applications [6, 7, 11, 13–15]. In addition, the same properties can be
applied for sensing various chemical compounds, such as heavy metal ions, toxic
gases and organic compounds, which are important for environmental and safety
applications [12, 16]. In Lateral Flow Assays, Au nanomaterials are conjugated with
various recognition markers, such as antibodies, and implemented in paper-based
devices. They offer low-cost, robust, point of care diagnostics for the detection of
viruses, bacteria, biomarkers, proteins, drugs, hormones contaminants, toxins and
pathogens [10, 17–21]. By conjugating the NPs to molecules that bind to cells, the
above optical properties can be exploited for cellular imaging (e. g. stem cells and
cancer cells). The NPs can also be used for enhancing contrast of other imaging
modalities. Au NPs can enhance X-ray attenuation increasing contrast in X-ray CT
imaging [6]. Au nanostructures can be functionalized by radionucleotides and hence
used for PET imaging of tumours [6, 7].

In targeted drug delivery, a drug is delivered locally to the tissue of interest,
leaving surrounding tissues unaffected. The drug concentration can be modulated as
a function of time. This approach offers various advantages, such as decreased toxic
side effects, reduced dose of drugs, increased treating efficacy and development of
new therapeutic strategies extending product life cycles [22]. Drug molecules can be
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loaded onto the surface of Au nanostructures by direct conjugation, grafting the
drugs to the capping ligand or adsorbing the drug by electrostatic interactions, van
der Waals forces or hydrogen bonding. Targeting agents can be attached to Au NPs
for specific uptake by tumours. The release of the drug can be achieved by thermally
activated desorption and diffusion employing the selective heating ability of the Au
nanostructures. To increase the amount of drug, the drug can by encapsulated in
thermally responsive polymers. The stimulus for drug release can also be a change in
ionic concentration [6, 7, 23].

Au nanomaterials (mainly Au nanorods, nanoshells and nanocages) have been
studied for photothermal cancer therapy, which is based on their LSPR properties.
They absorb and convert the photon energy into thermal energy when a laser beam
irradiates them at the LSPRwavelength. Photothermal heating only occurs in the area
directly surrounding the NPs, damaging cancer cells, particularly those that are more
sensitive to heat. By exploiting the enhanced permeability and retention of tumours
(passive targeting), or by functionalizing NPs with molecules that selectively bind to
cancer cells (active targeting), NPs deliver the heat selectively to tumour sites [6, 7,
23–26]. In photodynamic cancer therapy, Au nanomaterials are used as carriers for
photosensitizers, or are photosensitizers themselves. Upon specific wavelength light
radiation, they produce reactive oxygen species that induce cell death [6, 7, 25]. Au
nanomaterials are also attracting attention as radiosensitizers in X-ray radiotherapy.
As a treatment it has the advantage of deeper penetration in tissues than the NIR light
typically used for photothermal or photodynamic therapy. Au NPs absorb the X-rays
and thus localize the X-ray damage by reactive free radicals and secondary electrons
to tumour sites [25, 27, 28].

Even though bulk gold is inert, in the form of NPs it can display high catalytic
activity for a variety of reactions. These include oxidations of olefins, alcohols and
alkanes, hydrogenations, aminations and C–C coupling reactions. Au NP size as well
as the material on which the particles are supported is critical for catalyst reactivity
[1, 29, 30]. Supported Au NPs can catalyse important industrial reactions, such as
hydrogen peroxide production, oxidative esterification of methacrolein to methyl
methacrylate and hydrochlorination of acetylene to vinyl chloride monomer [31].

The performance of NPs for most of the applications presented above is affected
by their size, shape and functionalization. For example, the size and shape of
nanoparticle influences the LSPR shift [24]. The extinction coefficient of 5 nm Au
NPs is much lower than that of larger Au NPs. When the size of Au NPs approaches
the Fermi wavelength of electrons (<2 nm), molecule-like optical properties and size-
dependent fluorescence appear [6, 15]. Large Au NPs have a longer electromagnetic
field decay length and provide higher sensitivity; hence, they are more efficient at
enhancing Raman signals [6]. Size, shape and surface chemistry affect nanoparticle
circulation in the body and distribution to different organs. In general, NPs smaller
than 6 nm are filtered by the kidneys, larger than 200 nm are retained by the spleen,
while in the 30–200 nm range typically show better tumour accumulation.

160 4 Continuous synthesis of gold nanoparticles



Penetration of Au NPs through biological barriers depends on their size and surface
charge [32–34]. Toxicity of NPs to cells is also size dependent, even though results are
often contradictory [6, 7, 24, 35, 36]. For Au NPs used in catalysis, size critically
influences their performance. Catalytic activity of Au NPs typically increases sub-
stantially as size decreases below 5 nm (e. g. carbon monoxide (CO) oxidation).
However, selectivity to desired products can increase or decrease with nanoparticle
size, depending on the particular reaction [37, 38].

4.1.2 Continuous synthesis of gold NPs

Since the performance of Au NPs depends on their size (and hence size distribution),
shape, chemical composition and surface functionalization, controllable and repeata-
ble processes for the synthesis of Au NPs are important to guarantee consistent
performance. Most of the synthetic routes are performed in batch systems [39]. Batch
processes are solution-phase synthesis techniques where reagents (precursor, redu-
cing agent, capping agent) are mixed at controlled temperature. The precursor is
reduced or decomposed generating atoms, the atoms nucleate and the nuclei grow
into seeds and subsequently into NPs with desired characteristics. Batch-to-batch
variations are problematic and a synthesis approach that gives uniform materials
consistently is of paramount importance [40, 41]. However, if the kinetics of the
synthesis processes are fast, mass and heat transfer can play an important role in
the synthesis. Mass/heat transfer rates change with reactor size, limiting the control of
the experimental conditions [42]. In conventional synthetic methods, the immediate
addition of the reducing agent (and/or other reactants) leads to localized high con-
centrations (and in turn to concentration gradients) which can cause variable sizes and
broad size distribution of the final particles, since these grow from nuclei produced at
different times in places within the solution where the reactant concentrations are
different. Such inhomogeneity can lead to coexistence of nucleation and growth,
which can result in wide NP size distributions and poor control of shape and aggrega-
tion [39, 43]. Batch processes are often not amenable to scale-up, and they may not
provide an appropriate balance between control of nanoparticle characteristics and
productivity [39]. If promising laboratory results of Au NPs are to translate into
commercial applications, larger scale reproducible manufacturing with satisfactory
control of the NP desired characteristics needs to be developed [44].

Microreactors, which allow manipulating the fluid dynamics, heat transfer, and
mixing at the sub-millimetre scale precisely, offer advantages in these cases. Due to the
large surface-to-volume ratio and a decrease in diffusion paths, microreactors exhibit
much better mixing, which plays an important role in monodisperse nanoparticle
formation. In addition to this, because of the smaller volumes in microreactors, various
parameters (temperature, pressure, residence time, etc.) can be controlled easily and
safely, which can lead to precise control of the reaction with shorter response time [45].
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The diffusive mixing in microreactors can reduce agglomeration as compared to con-
ventional convective turbulent mixing [39]. Continuousmicrofluidic synthesis canmake
scaling to large production possible through parallel operation of multiple identical
reactor units, reducing labour and time of processes [46–48]. It further allows easier
automation, online monitoring of nanoparticle characteristics and use of closed loop
control systems to achieve quality control [40, 49, 50]. Microfluidic systems offer the
opportunity for easier integration of complex sequential processes, such as those
required for the functionalization of Au NPs, which is a key step for biomedical
applications [41].

Taylor dispersion in micro or millifluidic reactors can arise from the shear on the
fluid caused by no-slip boundaries at the channel walls. This leads to a parabolic
velocity profile, which generates a spread in the residence times of the fluid elements,
and therefore of the NPs present in them, because the elements flowing near the
channel axis move more quickly than those flowing near the channel walls. Taylor
dispersion can increase polydispersity in channels where the residence time distri-
bution (RTD) is wide. Fouling of the microreactors due to nanoparticle nucleation/
growth/attachment on the wall material can also be an issue [51]. These disadvan-
tages can be addressed by segmented flow microreactors, where the synthesis takes
place in isolated droplets (behaving as moving batch reactors) protected by the
segmenting fluid from the tubing wall [52–56]. Fouling and higher productivity can
also be addressed by millifluidic systems (increasing channel dimension by an order
of magnitude). Moreover, these devices are often cheaper and easier to clean, if the
requirements for mass and heat transfer are not severe [41].

There have been various reviews on the preparation methods of Au NPs mostly
from the viewpoint of chemistry routes [1, 34, 57–60]. Reviews in the use of micro-
reactors for the synthesis of various types of inorganic NPs have been presented [39,
41–43, 50, 52, 53, 61–64] and some focus on Au NP synthesis using microfluidics [45,
65]. In this chapter, we aim at reviewing the current state of the art in flow synthesis of
Au NPs from a reactor engineering point of view, highlighting the inherent differ-
ences of flow reactors from conventional batch reactors, as well as potential issues
that may be encountered during the development of continuous processes for the
production of this class of materials. This culminates to a design methodology that
highlights key steps for the development of a manufacturing flow system for the
synthesis of Au NPs. The proposed design procedure is based on a series of inter-
connected steps that emphasize the importance of an interdisciplinary effort between
chemists, engineers and physicists, and is summarized in 10 main design rules.

4.2 Requirements for quality-by-design synthesis

Currently, the design of nanoparticle reactors strongly relies on a trial-and-error
experimental approach, occasionally guided by design-of-experiments methods.
Mathematical models for the syntheses based on first principles are rarely used to
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design and optimize these reactors. This is in stark contrast with the design metho-
dology adopted in the manufacturing of more conventional products, for which the
principles, methods and models of reaction engineering (or more advanced
approaches) are commonly employed. This modus operandi prevents, or at least
complicates, the attainment of quality-by-design, where one aims to build quality
into a product, instead of testing quality from a product. Theoretical models for
particle syntheses would allow rationalizing nanoparticle reactor design and devel-
oping systems able to deliver products with the desired characteristics in a more
robust and cost-effective manner, whilst building valuable process knowledge.

Due to the complexity of nanoparticle syntheses, which involve many physical
and chemical concurrent phenomena, developing models for these systems is truly
challenging. In addition to an accuratemechanistic description of a specific synthesis
method, model development necessitates the knowledge of the kinetics of the reac-
tions and processes (such as particle nucleation, aggregation and growth) involved in
the synthesis as well as of the fluid dynamics in the reactor, which affects heat and
mass transfer. Obtaining accurate kinetic information is particularly critical, but at
the same time particularly difficult.

4.2.1 Characterization and kinetics of nanoparticle synthesis

In this section we introduce experimental techniques that are useful for the character-
ization of gold NPs. We first comment on the most commonly employed techniques,
and thenwe focus on techniques useful for the quantification of NPs synthesis kinetics.
This last point is of relevance for the development of flow reactors, as an optimized
reactor design procedure is based on the knowledge of reaction kinetics [66]. In the last
paragraphs we discuss the possibilities offered by flow systems for in situ synthesis
monitoring, appealing features for both kinetics studies and process control.

Key parameters of interest in nanoparticle syntheses are product concentration
(as in “conventional” chemical syntheses), as well as particle size and particle size
distribution (PSD). Measurement of unconverted precursor or product yield is impor-
tant too, not only for improved process performance but also because unconsumed
precursor can keep reacting during storage if it is not removed. Other important
parameters, which require at least qualitative information, include particle shape
and surface properties. Hence, more than one experimental technique is generally
required to fully describe nanoparticle synthesis processes.

Electron [67, 68] and scanning probe [69] microscopy have been widely
employed to characterize particle size and shape. Au NP sizes and size distributions
can be measured by dynamic light scattering [70], which however requires relatively
monodisperse samples to render accurate measurements, and by differential centri-
fugation sedimentation, down to 2 nm in size [71]. For sub-2 nm gold NPs, whose
structure could be altered by conventional techniques, such as transmission electron
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microscopy, size can be measured by mass spectroscopy [72]. Average particle size
and PSD can be measured via small angle X-ray scattering (SAXS) with a very low
detection limit [73]. This technique also allows in situ measurements of the particle
size evolution during the synthesis with resolution down to 2 nm, but synchrotron
radiation is required [74–78]. SAXS also allows evaluating nanoparticle volume
fraction in solution. Nanoparticle crystal structure and crystallite size can be deter-
mined by means of X-ray diffraction [79].

Gold concentration can be measured by means of several techniques. Very low
detection limits can be achieved with inductively coupled plasma mass spectroscopy
(ICP-MS) [80], which, with recent advances, can now also be used to determine NP
number concentration and number size distribution (Single Particle ICP-MS) [81].
Voltammetric methods have been employed to determine gold concentration as well
as NP number concentration [82–84]. After dissolution in strong acids, the elemental
gold concentration (and in some cases the packing density of ligands) can be
measured by means of atomic absorption spectroscopy [85] or optical emission
spectroscopy [86–88]. Gold elemental analysis can also be performed with neutron
activation analysis [89]; however, this requires complex instrumentation.

The oxidation states of gold can be obtained via X-ray photoelectron spectro-
scopy (XPS) [90] and X-ray absorption near-edge spectroscopy (XANES) [76–78, 91,
92]. Extended X-ray absorption spectroscopy fine structure can be used to gather
information on crystal lattice properties and how these are affected by ligands [93].
The interactions between ligands and the gold NP surface can be studied by XPS [90,
94] and Fourier transform infrared spectroscopy [94, 95].

A simple yet powerful tool used for gold nanoparticle characterization is UV–vis
spectroscopy. This technique offers themajor advantage of requiring relatively cheap
benchtop instrumentation, and is suitable for both ex situ and in situmeasurements,
which makes it very attractive for kinetic and mechanistic studies [74, 96–98].
Studies to link both particle size and Au(0) concentration to the solution UV–vis
spectrum have been reported in the literature, where either the position of the LSPR
and the extinction at this wavelength [88, 100] or the ratio between the extinctions at
the LSPR wavelength and that at 450 nm [100] have been used. Hendel et al. demon-
strated that the UV–vis absorbance at 400 nm (Abs400) can be used to determine the
Au(0)⋅ concentration in NP solutions, but pointed out that particle size, surface
modification, or oxidation state can affect the measurement [101]. The type of ligands
and the dielectric properties of the surrounding medium also significantly affect the
UV–vis spectra; hence, this technique has to be correctly calibrated considering the
ligands and solvent employed in the synthesis [102, 103]. UV–vis spectra can also be
used to analyse the speciation of HAuCl4 [97, 104], the most common gold precursor
used for Au NP synthesis. Finally, this technique also allows assessing the quality of
the gold precursor employed, whose spectra depend on its “age” and purity [73].

From a reaction engineering point of view, experimental techniques that are able
to provide time-resolved data during the synthesis are of great interest, since they
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permit quantifying reaction kinetics, which is an essential element for reactor design.
Determining kinetics and rate laws is a major challenge in the field of nanoscience,
both from an experimental and a theoretical standpoint, because these syntheses
involve many concurrent physical and chemical phenomena belonging to synthetic
chemistry, colloidal science and particle technology. Experimentally, a complete
description of the kinetics of these processes requires several techniques as well as
a wide scientific background for the correct interpretation of the data gathered.

Generally, the theoretical framework used to describe the kinetics of the nuclea-
tion process in nanoparticle syntheses is the classic nucleation theory, developed by
Becker and Doring [105] and later extended by Lamer and co-workers [107]. However,
several studies demonstrated that many nanoparticle syntheses are not well
described by this theory [107, 108]. In this sense, Zeng and Oxtoby stated that
“nucleation theory is one of the few areas of science in which agreement of predicted
and measured rates to within several orders of magnitude is considered as major
success” [109]. Xia et al. appropriately described the current state of progress in the
study of nanoparticle formation kinetics, stating that “at the current stage of devel-
opment, it is not an exaggeration to say that the chemical synthesis of metal nano-
crystals (as well as for other solid materials) remains an art rather than a science”
[110]. Along the same line, Polte recently pointed out that “the main reason for this
lack of knowledge was the absence of reliable experimental information about the
particle growth process, in particular of the particle size and concentration during the
growth process” [111].

Some of the characterization methods presented above have been used in situ in
batch systems to obtain mechanistic/kinetic information. Polte and co-workers [75,
76, 78, 97], employed SAXS combined with XANES to provide time-resolved average
particle size, relative PSD standard deviation and gold oxidation state for the classi-
cal Turkevich synthesis in a wide parameter space. Abecassis et al. employed similar
techniques to study the evolution of the PSD and of the Au oxidation state during
different NaBH4-based synthetic routes [74, 77]. Comparison between the total
amount of Au(0) present in the solution (obtained by XANES) and the amount of
Au(0) inside the NPs (obtained from SAXS) showed that a measurable amount of Au
(0) existed transiently as monomers, suggesting burst nanoparticle nucleation. They
further showed that ligands affect reduction kinetics and nucleation rate, and thus
indirectly also NP growth. A model including reduction kinetics, nucleation and
growth rates enabled the fitting of NP size and concentration time evolution. UV–
vis spectroscopy was used by Hendel et al. to track the reduction of Au(III) to Au(0) in
real time by measuring the Abs400 during the synthesis [101]. The data acquired via
UV–vis spectroscopy were consistent with the experimental observations obtained
by SAXS. Luty-Blocho et al. and Paclawski et al. used UV–vis spectroscopy and
dynamic light scattering [112, 113] to quantitatively study the kinetics of the HAuCl4
to HAuCl4−x(OH)x reaction, which plays an important role in several Au NP synthetic
routes [97]. A rate law for Au NP formation, according to a Finke-Watzky model (slow

4.2 Requirements for quality-by-design synthesis 165



nucleation, fast autocatalytic surface growth) [108], was formulated and utilized to
design a microfluidic reactor system and select suitable operating conditions for the
synthesis of Au NPs by glucose reduction. Georgiev et al. [69] studied the kinetics of
the gold NP synthesis by the Turkevich method employing time-resolved UV–vis
spectroscopy, as well as ex situ atomic force microscopy and obtained rate constants
for a Finke-Watzky model that were similar for both techniques. However, ex situ
measurements may give “drying” artefacts during the sample preparation, affecting
the precision of the data acquired. As a consequence, the development of time-
resolved in situmeasurement techniques is one of the bottlenecks for the acquisition
of reliable kinetic data. In this regard, interesting opportunities are offered by liquid
phase transmission electron microscopy [114, 115] and cryo-transmission electron
microscopy [116].

Flow systems allow also in situ characterization, with the added advantage
that, since real time is replaced by space time (i. e. reactor location), information at
very short reaction times can be obtained. In addition, in-line monitoring by optical
techniques can be easily implemented. This feature is attractive, as it opens up
possibilities in reaction kinetic studies, also enabling simple implementation of
process control loops. For instance, McKenzie et al. combined SAXS and UV–vis
spectroscopy in a microscale flow system (Figure 4.1a) for in situmonitoring of PSD
and UV–vis absorbance of sub-5 nm gold NPs at different concentrations, with
results that correlated well with ex situ TEM and UV–vis measurements [117]. Watt
studied the effect of seed age on gold nanorods formation by using a microfluidic
system with in-line UV–vis–NIR spectroscopy [118], which was combined with ex
situ SAXS measurements to observe the change of the nanoparticle population
during aging. However, UV–vis is not suitable if there is no LSPR band [119]. Polte
et al. employed in situ SAXS in combination with XANES to monitor the synthesis of
Au NPs with size between 0.8 and 2 nm (Figure 4.1b) [76]. A static micromixer was
used to provide homogeneous mixing between gold precursor and NaBH4, and then
the products were detected by SAXS in a flow cell. As NaBH4 is quite a strong
reducing agent, the reaction finished within 100 ms and increasing residence time
did not change the size. The work suggested a two-step mechanism of gold nano-
particle formation: a rapid conversion of the ionic gold precursor into metallic gold
nuclei, followed by particle growth via coalescence of smaller entities. Similarly,
Tofighi et al. used in situ XANES assisted by a microfluidic silicon chip to study the
early reaction stages of the polyvinyl pyrrolidone (PVP)-stabilized Au NP synthesis
by NaBH4 reduction (Figure 4.1c) [120]. The chip allowed the beam focusing on
different positions along the microchannel to track the reaction. It was observed all
the gold ions were reduced to Au(0)⋅within the first 10 ms. Yue et al. described how
to monitor the synthetic process of Au NPs with in-line UV–vis in segmented flow by
a cross-type flow-through cell (Figure 4.1d) [121]. However, the main difficulty to
apply in-line UV–vis on a segmented flow system is that the detection limit could be
affected by the background from the carrier fluid and reflection/scattering from the
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Figure 4.1: (a) Schematic of microscale flow system with a specially designed cell for in situ SAXS and
UV–vis measurement of nanoparticle size distribution (reprinted with permission from Ref. [117].
Copyright 2010, American Chemical Society). (b) Experimental setup with flow cell for in situ SAXS
(reprinted with permission from Ref. [76]. Copyright 2010, American Chemical Society). (c) Schematic
illustration of microfluidic chip with different measuring points for in situ XAS; insert is the schematic
of micromixer employed (adapted from Ref. [120]. with permission of The Royal Society of Chemistry,
https://doi.org/10.1039/C7RE00114B). (d) Experimental setup for in situ UV–vis monitoring of reac-
tion in segmented flow (adapted from Yue et al., Copyright 2013 Royal Society of Chemistry,
Microreactors with integrated UV/Vis spectroscopic detection for online process analysis under
segmented flow, https://doi.org/10.1039/C3LC50876E, https://creativecommons.org/licenses/by/
3.0/legalcode) [121]. (e) Experimental design of millifluidic chip for in situ XASmonitoring at different
locations along the channel (reprinted with permission from Ref. [122]. Copyright 2013, American
Chemical Society).
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slug curved surfaces. Krishna et al. used a millifluidic device for time-resolved
mapping of the Au NP size evolution in growth (Figure 4.1e) [123]. The work
identified the formation of stable gold sulphide NPs when chloroauric acid and
meso-2,3-dimercapto succinic acid were mixed in the millifluidic reactor. The gold
nanostructures formed deposited at the channel and were subsequently reduced by
flowing NaBH4. The reduction was monitored with XAS spatially with a time
resolution of 5ms.

4.2.2 Mathematical modelling of nanoparticle synthesis

We have shown how a wide variety of experimental techniques are required to
characterize nanomaterial synthesis kinetics. Similarly, a variety of modelling tech-
niques can be adopted to describe nanoparticle syntheses and extract useful kinetic
information. These techniques differ in the level of detail that can be captured, and
accordingly in the computational cost of the numerical simulations. Modelling
techniques used to describe processes occurring in nanoparticle syntheses range
from quantum chemical calculations (e. g. Density Functional Theory) to molecular
dynamics, Brownian dynamics and Monte Carlo simulations. A detailed review of the
applications of these techniques in describing nanoparticle structures is provided in
Barnard [124]. The modelling approaches just mentioned are powerful tools for
describing in detail “single” nanoparticle synthesis aspects, like precursor reduction
[124], particle growth [125], interaction of nanoparticle surfaces with other molecules
[126], crystal structure and stability of nanoclusters [127]. However, they cannot be
used to model the entire nanoparticle synthesis, since this would be computationally
too demanding. A tool that fits the need of both accuracy and fast computation, and
which is thus useful for process development, is population balance modelling
(PBM). A population balance equation (PBE) is an equation that allows describing
the evolution of the nano-PSD during the synthesis (even though it cannot capture
other details, such as crystal structure or particle morphology).

PBM is widely used in reaction engineering [128] for the rational design of poly-
merization [129–131] and crystallization [132–134] reactors. It has also been used to
describe the process of nanoparticle formation [136–138], in particular semiconductor
nanoparticle synthesis, both in batch [138] and in flow reactors [139, 140]. The PBM
thus seems to be an approach best suited to rationalize the design of nanoparticle
synthesis reactors and achieve quality-by-design.

If we consider a batch reactor, in which the solution is assumed to be perfectly
mixed, so that all the properties, such as concentration and temperature, are spatially
uniform, the PBE describing the NPs evolution during the synthesis can be written as:

∂nðv, tÞ
∂t

= gδðv− vminÞ
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where n v, tð Þ is the number density function defined so that n v, tð Þdv yields the
number of particles with volume in the infinitesimal range dv about the value v at
time t. This function is thus closely related to the PSD. The first term on the right-hand
side of the equation models nucleation, with g being the nucleation rate and
δðv− vminÞ a delta function centred at the nuclei size vmin (here it is assumed that all
nuclei share the same size). The second and third are generation and consumption
terms, respectively, that model particle agglomeration, with α being the agglomera-
tion kernel. The last term represents particle surface growth. In general, these terms
(in particular g and G) depend on the concentration of the various precursors present
in the system and on the physicochemical properties of the latter. From this equation
we observe how different physical phenomena contribute in making the PSD change.
For example, both agglomeration and surface growth cause an increase in the
average particle size. Furthermore, one must keep in mind that the evolution of the
PSD depends on the concentration of the precursors, so that the PBE is in general
coupled with the material balances of all the other species involved in the synthesis
(for instance, through g andG). Consequently, themathematical model can be solved
only if the rates of all the reactions are known and kinetic expressions for nucleation
(via the term g), aggregation (via the term α) and growth (via the term G) are
available. Hence, a significant amount of kinetic information is required, which
cannot be obtained merely via the experimental acquisition of data on the PSD
evolution.

A PBM for the Brust-Schiffrin method [141] shows how it is possible to improve
the nanoparticle quality based on theoretical findings, significantly reducing the
effort in reaction optimization. The model was based on a continuous nucleation –
growth – capping mechanism, which indicated that, if the reaction conditions were
kept constant, the particles born at different times through continued nucleation
would grow to the same size before being capped. This is in contrast to the perception
that continued nucleation is the main reason for poor PSD control. The authors were
in fact able to propose a modified protocol based on their model, which led to an
improvement of the Au PSD from 2.0 ± 0.6 nm to 1.7 ± 0.3 nm.

On the other hand, the work from Kumar et al. on the Turkevich synthesis [142]
shows how significant effort has to be put in the understanding of the mechanism
behind the synthesis. Despite the fact that this model qualitatively describes several
aspects of the synthesis observed experimentally (in particular particle size pla-
teauing for high citrate-to-chloroauric acid ratio values), Agunloye et al. showed
that it poorly predicts experimental data from the literature [143]. This is most
probably due to an inaccurate description of the synthesis mechanism. While
Kumar and co-workers employed the Turkevich organizer theory [144], recent
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work from Polte’s group showed experimental findings supporting a different
mechanistic route [97].

4.3 Review of research on gold nanoparticle flow synthesis

4.3.1 Gold nanoparticle synthesis in single-phase flow systems

4.3.1.1 Microfluidic reactors
Most microfluidic reactors are made using microfabrication methods and have char-
acteristic dimensions in the order of hundreds ofmicrons. However, the use of capillary
tubes is also gaining interest owing to their simplicity and low cost. An important
aspect for the application of continuous flow in the manufacturing of nanomaterials is
its production capacity. Hence, for the sake of convenience, in this chapter flow
systems with characteristic size (such as diameter) smaller than 1mm are referred to
asmicrofluidic reactors, while those with larger size (up to somemm) are referred to as
millifluidic reactors. For Au NP synthesis, the most common microfabricated reactor
materials are Si, glass and polydimethylsiloxane (PDMS). Glass and silicon not only
involve special working conditions (clean room), but may also require careful sealing
procedures, particularly for high temperature/pressure operation. Capillaries and
tubes made of silica, polytetrafluoroethylene (PTFE) are common, while polyether
ether ketone (PEEK), polyethylene and Tygon have also been used.

Among all the chemistry routes for Au NP synthesis, the Turkevich method has
been the most popular [60] for synthesizing citrate-capped Au NPs. It was first pro-
posed by Turkevich [144] in 1951, and produced around 20 nm Au NPs by adding
trisodium citrate dehydrate quickly into a boiling HAuCl4 solution under vigorous
stirring. The mechanism was described as “seed-mediated growth” by Wuithschick
et al. [97] who proposed a fast nucleation and a subsequent slow growth stage, as the
gold ions preferentially bind onto the existing solid gold surface with lower surface
potential [145]. On the basis of the Turkevich method, various researchers sought to
improve this method [96, 146–151] or substitute the reducing agent (e. g. ascorbic acid
[152] and tannic acid [153]) or capping agents [154–156] to achieve smaller/different
particle size or narrower size distribution. For the synthesis of sub-5 nm Au NPs,
sodium borohydride (NaBH4) is the reducing agent most frequently used, having far
higher reducing ability than citrate to reduce gold ions to metallic atoms (order of
magnitude of milliseconds [76]) To limit the growth of particles, strong capping agents
such as thiols in the Brust-Schiffrin method [157] are used during NaBH4 reduction.

In single-phase microfluidic systems, the flow pattern is usually laminar, char-
acterized by low Reynolds number [42]. Thus, mixing only occurs at the interface
between miscible streams by molecular diffusion. This characteristic is attractive for
some synthetic processes which need precise control. Citrate-capped Au NPs are
usually synthesized by the Turkevich method for around 30 min under elevated
temperature. Singh et al. produced citrate-capped Au NPs with lower reaction time
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at room temperature by substituting citrate with the strong reducing agent NaBH4 in
the microreactor [156]. The laminar flow forming in the microreactor played an
important role to slow down mixing and avoid the uncontrollable reaction owing to
the high conversion rate of NaBH4. On the other hand, for slower reducing agents
efficient mixing is beneficial. Jun et al. studied the size control of Au NPs produced by
ascorbic acid, by comparing different mixers. Similar size and size distribution were
obtained with both microfluidic butterfly-shape and millifluidic compressed-tubing
mixers (Figure 4.2), as long as the flow rate was sufficient to attain efficient mixing
[158]. Sufficiently high flow rates could guarantee fast mixing, but too high flow rates
did not allow enough time for the reaction to complete.

Shalom et al. adapted the Brust-Schifrin method to a flow system by mixing a
prepared thiolate polymer and aqueous NaBH4 in a radial interdigitated mixer
(Figure 4.3a) [159]. The reagents passed through a circular channel and were then
split into eight streams flowing towards the centre of a mixing chamber, while the
outlet was in the centre of the chamber. For the same gold-thiol ratio (e. g. 2), the size
and standard deviation in the microfluidic reactor were smaller (2.9 ± 0.6 nm) than
those in batch systems (4.9 ± 2.1 nm). Tsunoyama et al. used a similar mixing
approach with a multi-laminated mixer (from IMM) to improve mixing (Figure 4.3b)
[160]. With NaBH4 as reducing agent, they produced PVP-stabilized sub-2 nm Au NPs
with high monodispersity, which showed higher catalytic activity in aerobic alcohol
oxidation than Au NPs prepared in a batch reactor. Using the samemicromixer, Luty-
Błocho et al. studied the effect of flow rate on Au nanoparticle synthesis. Increasing
the flow rate led to smaller polyvinyl alcohol (PVA)-capped Au NPs in the range of
1.5–3 nm when using ascorbic acid or NaBH4 as reducing agent [161]. Interestingly,
batch processing resulted in sediment formation after 1 h for the ascorbic acid system.

(a) (b)

Microchip:
outlet

outlet
AA

inlet

inlet

Au(III)
inletTubeMixer

0.1mm 0,8mm

Millifluidic mixer Microfluidic mixer

Figure 4.2: Schematic of different mixers used for Au NPs synthesis by ascorbic acid: (a) compressed
Teflonmillifluidic mixer and (b) butterflymicrofluidic mixer (reprinted with permission from Ref. [159].
Copyright 2012, American Chemical Society).
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For the NaBH4 system, particles of similar sizes were obtained (~1.5 nm), but in the
batch reactor much larger ones (~2 μm) were also produced.

A glass-silicon microreactor with three mixing zones of split-and-recombine
type allowing the consecutive addition of reducing agent solution containing
ascorbic acid and Fe(II) and three modifier solutions (citric acid, sodium metasili-
cate and PVA) was utilized to synthesize Au NPs [162]. Wagner and Köhler improved
this glass/silicon reactor with eight split-recombine units (Figure 4.4a) which could
provide improved RTD and used it to synthesize PVP-capped Au NPs with sizes
between 5 and 50 nm by ascorbic acid reduction [163]. Au NPs with coefficient of
variation (CV) two times smaller than that in a conventional batch reactor was
achieved and smaller Au NPs were obtained at high flow rates, high concentration
of the reducing agent or stabilizer and high pH. In a subsequent design, residence
loops were added to allow for multi-step addition of the reagents and reduction of
the risk of fouling (Figure 4.4b) [164]. They synthesized 4–7 nm Au NPs using
NaBH4 as the reducing agent. The Au NP size could be reduced by decreasing the
reactant concentrations.

Sugano et al. developed a microreactor system comprising a Y-mixer and two
piezoelectric valveless pumps to achieve pulsed mixing of chloroauric acid and
trisodium citrate at room temperature (Figure 4.5) [165]. The switching frequency
controlled the thickness of the pulsed layers, the square of which has a proportional
relationship with the diffusion time. The mixing time at 100 Hz was short enough as
to reduce the CV of the PSD to ~10% for Au NPs of ~40 nm mean size.
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Figure 4.3: (a) Schematic of radial interdigitatedmixer used for Au NPs synthesis by NaBH4 (reprinted
from Materials Letters, 61(4), Shalom et al., Synthesis of thiol functionalized gold nanoparticles
using a continuous flow microfluidic reactor, 1146–1150, Copyright 2018, with permission from
Elsevier) [160]. (b) Schematic of the multi-laminated mixer used for Au NPs synthesis by NaBH4

(reprinted with permission from Ref. [161]. Copyright 2008, American Chemical Society).
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Verma and Kumaran formed co-axial flow in a microchannel (H × W: 100 µm
× 1.5mm) so that the gold precursor (chloroauric acid) was surrounded by the
reducing agent (tannic acid). As the Reynolds number increased, the flow regime
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Figure 4.4: (a) Schematic of the reactor with split-and-recombine mixers used for synthesis of Au NPs
by ascorbic acid (reprinted with permission from Ref. [164]. Copyright 2005, American Chemical
Society). (b) Microreactor system with micromixers and residence loops used for synthesis of Au NPs
by NaBH4 (reprinted from Chemical Engineering Journal, 135, Wagner et al., Microfluidic generation of
metal nanoparticles by borohydride reduction, S104–S109, Copyright 2008, with permission from
Elsevier) [165].
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Figure 4.5: Y-shape pulsing mixer used for synthesis of Au NPs by trisodium citrate (reprinted by
permission from Springer Customer Service Centre GmbH: Springer, Microfluidics and nanofluidics,
Ref. [165], Sugano et al., Copyright 2010).
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transitioned from laminar to turbulent. At high Reynolds number (up to ~350)
the PSD could be controlled better, while the mean particle size, between 4 and
7 nm (achieved at different molar ratios of tannic acid to chloroauric acid) was
not significantly affected by mixing conditions [166]. Bandulasena et al. also
used a co-axial flow setup operating at laminar flow with an injection orifice
diameter of the inner tube between 100 and 240 µm (Figure 4.6) [167]. The
particle size of PVP-capped Au NPs produced by ascorbic reduction decreased
from ~135 nm to ~50 nm by decreasing the injection orifice diameter (which
increased the mixing efficiency), increasing the flow rate of the ascorbic acid
stream and increasing the pH (which enhanced the reducing power of ascorbic
acid). However, polydispersity increased with increasing the flow rate and the
pH of the ascorbic acid stream.

Baber et al. utilized a co-axial flow reactor comprised of an outer glass tube
(2mm I.D.) and an inner glass tube (0.8mm I.D.) to bring in contact chloroauric
acid and trisodium citrate, while avoiding fouling. This was followed by an
ethylene tetrafluoroethylene-coiled flow inverter with 0.75mm I.D., which
helped to improve the RTD. Au NPs with minimum size of 17.9 ± 2.1 nm were
synthesized at 80 °C (Figure 4.7) [168].
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Figure 4.6: Schematic of the co-axial microfluidic setup with round capillary orifice inside a square
microchannel used for Au NPs synthesis by ascorbic acid (adapted from Bandulasena et al.,
Copyright 2017 Elsevier, https://doi.org/10.1016/j.ces.2017.05.035, http://creativecommons.org/
licenses/by/4.0) [167].
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Yang et al. designed a vortex-type mixer in a three-layer microfluidic reaction
chip (Figure 4.8) [169]. Using the new chip, almost complete mixing was achieved
within 1 s, and 19–58 nm Au NPs were obtained by tuning the volumes of citrate and
gold precursor for the Turkevich method.
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Figure 4.7: Schematic of the experimental setup for Au NP synthesis by the Turkevich method
comprising coiled flow inverter (CFI) for preheating, a co-axial flow reactor as amixer, and another CFI
as reactor (adapted from Baber et al., Copyright 2017 Royal Society of Chemistry, An engineering
approach to synthesis of gold and silver nanoparticles by controlling hydrodynamics and mixing
based on a co-axial flow reactor, https://doi.org/10.1039/C7NR04962E, https://creativecommons.
org/licenses/by/3.0/legalcode) [168].
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Figure 4.8: Components of three-layer microfluidic reaction chip with vortex-type flow field used for
Au NPs synthesis by trisodium citrate (a) top view and (b) exploded view (reprinted by permission
from Springer Customer Service Centre GmbH: Springer, Microfluidics and Nanofluidics, Ref. [170].,
Yang et al., Copyright 2010).
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Kitson et al. designed 3D printed serpentine reactors with 0.8mm channels made
of polypropylene (PP) to synthesize Au NPs [170]. Compared to the PDMS which is
commonly used, PP is cheaper and themaximummaterial cost for one reactor was ca.
$0.31. Even though fouling was observed on the surface of the reactor, this design is
attractive because of the low cost for each reactor, which is disposable after one use.

The batch Turkevich method does not produce Au NPs <5 nm. However, Ftouni
et al. produced ultra-small (i. e. <2 nm) AuNPs at residence time <50 s in a citrate-only
system by taking advantage of efficient mixing and quick heating and quenching in a
fused silica capillary (200 μm I.D.) [171, 172]. As the residence time was quite short
and the product was quenched rapidly to terminate the reaction, no further growth
after the quenching led to NPs with ultra-small size. Gomez-de Pedro et al. fabricated
a ceramicmicrofluidic device based on low-temperature co-fired ceramics technology
[173]. The shape of the three-dimensional serpentine structure caused advective
patterns that enhanced the mixing. The reactor was used to synthesize 11-mercap-
toundecanoic acid (MUA)-capped Au NPs. Pulsed dosing of HAuCl4 solution to a
continuous flow of NaBH4, with a continuous downstream feed of an MUA solution,
resulted in 2.7 nm Au NPs. Hydrophobic gold NPs have attracted less attention. Sugie
et al. used a Y-mixer/PTFE microreactor assembly maintained at 25–60 °C to reduce
HAuCl4 in tetrahydrofuran solvent using organosilane as mild reducing agent and
alkyl thiol (RSH) as capping agent [174]. Increasing residence time to over an hour led
to the increase of the Au NP size from 4.3 to 8.7 nm.

Microfluidic systems have also been employed to form gold nanomaterials with
different shapes. Kumar et al. used Br− ions from cetyltrimethylammoniumbromide
(CTABr) or HBr with citrate reduction to produce triangular gold nanoplates [175].
They implemented a Y-shape micromixer and a tubular PTFE tube with 0.9mm
internal diameter (I.D.) to tune the operational parameters (volumetric flow ratios,
temperature and reagent concentrations) and improve the yield of triangular parti-
cles from ~25% to ~51%. Reducing the amount of citrate yielded a larger amount of
polyhedral particles; this was attributed to the particle growth rate dominating the
initial nucleation rates. Fu et al. developed a three-inlet micromixer and a subse-
quent PDMS microchannel (400mm × 400mm cross-section and 3 cm in length) for
the synthesis of seed-mediated gold nanoplates [177]. The thickness of the nanoplates
was tuned from 1 nm to a few nm by varying the flow rate. The nanoplates were rigid
and flat when their thickness was >2 nm and had crumpled/rolled shapes when the
thickness was ~ 1 nm. Sebastián et al. utilized a coiled PTFE tubing (0.76mm I.D.,
Figure 4.9) to synthesize biocompatible gold nanorods (Au NRs) with a residence
time of 10 min in continuous flow [178]. In order to circumvent toxicity issues of
silver/CTABr that are typically used for Au nanorod synthesis, they employed lysine
as capping agent with NaBH4 as reducing agent. The presence of two amino groups in
the lysine is critical for the anisotropic growth of the Au particles. By tuning the lysine
concentration, Au nanorods with strong absorption in the near infrared (700–900
nm) were prepared.
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Ishizaka et al. made use of continuous flow to tune the pH of the gold precursor by
adding the reagents stepwise (Figure 4.10) [178]. Glucose was used as an environmen-
tally benign reducing agent. Star-shape AuNPswere synthesizedwhen the pHwas 6.9,
which was not observed in batch systems under similar experimental conditions;
nevertheless, the particles gradually coalesced into single round shape particles.

An important issue during single-phase flow is the appearance of fouling on the
microreactor wall. Wagner et al. observed gold precipitation on the wall of a glass
microreactor, even though the synthesis was implemented carefully with small
volume and short running time [163, 179]. They proposed various solutions to sup-
press fouling. Operation at high pH (~9.5) leads to negative charge on silicon surface
because of the deprotonated Si–OH groups. As the citrate-capped gold NPs are also
negatively charged, the electrostatic repulsion between product and tubing wall
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Figure 4.9: Schematic of continuous flow setup Au NRs synthesis via NaBH4 reduction with residence
time of 10 min (adapted from Ref. [178], with permission of The Royal Society of Chemistry, https://
doi.org/10.1039/C2CC32969G).
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Figure 4.10: Schematic of multi-step addition in a microfluidic system for the synthesis of Au
nanostars by glucose (reprinted from Journal of Colloid and Interface Science, 367(1), Ishizaka et al.,
Dynamic control of gold nanoparticle morphology in a microchannel flow reactor by glucose reduc-
tion in aqueous sodium hydroxide solution, 135–138, Copyright 2018, with permission from Elsevier)
[179].
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prevented fouling. Another way is to reduce the wettability of the channel walls by
turning the surface from hydrophilic to hydrophobic via silanization. Higher shear
forces induced by increasing flow rate seemed also to help reduce fouling.

4.3.1.2 Millifluidic reactors
Because of potential fouling problems and their inherent small volume, it is difficult
for microfluidic devices to provide gram-scale production [39, 45, 52, 62, 180].
Millifluidic reactors, which have one order of magnitude larger dimensions compared
to microreactors, mitigate the risk of fouling blockages and depend less on expensive
fabrication technologies [41]. Compared to batch synthesis, millifluidic devices can
still provide satisfactory mixing (although this depends on the synthesis) and are
more amenable to scale-up [158].

Lohse et al. proposed a millifluidic reactor system (Figure 4.11) comprised of
simple components to improve the operation control compared to batch reactors,
as well as to enable high-throughput synthesis at the gram-scale of functionalized
gold NPs [181]. The reactants were mixed in a polyethylene (PE) Y-mixer (I.D. 1.79
mm), and the residence time was controlled by adjusting the length of the TYGON
polyvinyl tubing reactor (I.D. 2.79mm). The reactor could be integrated with online
UV–vis absorbance spectroscopy analysis for product monitoring during synthesis,
as well as flow NP purification techniques. Various functionalized (citrate, mercap-
tohexanoic acid and CTAB) spherical Au NPs with controlled sizes (4, 2 and 2–40 nm,
respectively) were produced by NaBH4 reduction. Furthermore, CTAB-stabilized gold
seeds (2.0 nm) were mixed with a growth solution containing chloroauric acid, CTAB,
silver nitrate, and ascorbic acid leading to Au nanorods with various aspect ratios
and lengths of 15–50 nm.
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Figure 4.11: Schematic of a millifluidic reactor for Au nanomaterials synthesis by ascorbic acid
(reprinted with permission from Ref. [182]. Copyright 2013, American Chemical Society).

178 4 Continuous synthesis of gold nanoparticles



Gomez et al. reported that the good quality of hollow Au NPs produced by
galvanic replacement of cobalt NPs synthesized by NaBH4 reduction in batch
reactors could only be achieved with a volume up to 480 ml, as insufficient mixing
limited the scale-up [182]. They achieved higher productivity by scaling up a
continuous flow reactor from a PTFE tube with I.D. of 0.8mm and length of 913
cm to millifluidic scale with 10 times higher throughput (I.D. of 1.6mm, length of
3088 cm) (Figure 4.12). Moreover, multiple reaction stages, by adding new streams
into the coils with T-junctions, and downstream processes (functionalization and
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Figure 4.12: (a) Microfluidic setup with coiled capillary (I.D. of 0.8mm) for the synthesis of sterilized
PEG-capped hollow Au NPs by NaBH4 through a galvanic displacement process. (b) Millifluidic setup
with 10 times higher throughput (I.D. of 1.6mm) than (a) (reprinted from Chemical Engineering
Journal, 285, Uson et al., Continuous microfluidic synthesis and functionalization of gold nanorods,
286–292, Copyright 2016, with permission from Elsevier) [184].
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sterilization) could be incorporated. Uson et al. utilized a similar setup based on
PTFE tubing (I.D. = 1.016mm) and PEEK Y-junctions to synthesize and functionalize
Au nanorods in one continuous process [183]. The multi-addition of reactants
allowed to separate and control – in a single stream – different stages of seed
formation, nanorod growth and functionalization with poly(ethylene glycol)-
methyl ether thiol (SH-PEG). Appropriate lengths of the tubing ensured the desired
residence times (2–10 min) with a total residence time of 32 min. These short
residence times eliminated detrimental effects associated with uncontrolled age-
ing-related processes observed in batch synthesis. The continuous system allowed
a 100-fold reduction in the consumption of SH-PEG compared to a conventional
batch reactor.

Bullen et al. used a rotating tube processor (RTP) with 6 cm I.D. and 30 cm in
length with centrifugal force generating dynamic thin films 0.3mm thick as the liquid
moved along the rotating tube. Themixed reactant was delivered to a narrow channel
processor (NCP) through jet feeds for longer residence time (Figure 4.13) [184]. Using
this flow system, Au seeds were prepared with HAuCl4/CTAB/acetylacetone and
AgNO3/CTAB/carbonate solutions in the RTP and grown to Au nanorods in the
NCP. Long-term operation (19 days) was demonstrated with this system.
Boleininger et al. [98] grew Au NRs from Au seeds and HAuCl4/CTAB/ascorbic acid
in short polyvinyl chloride (PVC) tubing (1mm I.D.). The aspect ratio of the nanorods
became smaller with a higher ratio of seed-to-growth solution or under higher growth
temperature. Fouling was reduced by flushing polyethylene glycol before synthesis
experiments. Different tubing materials were also tested. PVC, PTFE, PEEK and
silicone tubes were filled with a growth solution containing gold precursor, ascorbic
acid and CTAB for 3 h. There was no fouling observed in PVC and PEEK tubing, unlike
PTFE and silicone.

In addition to conventional heating for nanoparticle synthesis, there are other energy
vectors that can be utilized. Sans et al. premixed the gold precursor and citrate at
room temperature and then injected the solution into a coiled fluorinated ethylene
propylene (FEP) tube (1.58mm I.D.) placed inside a microwave cavity [185]. With this
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Figure 4.13: Schematic of the experimental setup for synthesizing Au nanorods by acetylacetone with
a rotating tube processor (RTP) and a sequential narrow channel processor (NCP) (adapted from
Ref. [185]. with permission of The Royal Society of Chemistry, https://doi.org/10.1039/C0CC05175F).

180 4 Continuous synthesis of gold nanoparticles



setup, rapid feedback control during the experiments was obtained and hyper-
branched gold nanostructures were discovered. Bayazit used a microwave-assisted
flow system to synthesize Au NPs [186]. The 3.2mm O.D. PTFE tube reactor produced
Au NPs with average particle width 4–15 nm and aspect ratio ~1.4–2.2 after only 90 s
residence time.

4.3.2 Gold nanoparticle synthesis in two-phase flow systems

4.3.2.1 Microfluidic reactors
Segmented (also Taylor or slug) flow induced by an immiscible fluid stream can
provide better mixing via transverse convection, enhanced mass transfer and
reduced dispersion [47, 53, 54, 56, 61, 187]. Furthermore, when the synthesis is
conducted in the dispersed phase, the reactor wall is protected by a thin liquid film
which helps to avoid fouling. However, some of the drawbacks are the necessity of
downstream separation processes of the immiscible fluid streams, potential adsorp-
tion of NPs at the two-phase interface, keeping slugs uniform and avoiding their
coalescence, and the difficulty of adding subsequent reactants in a uniform manner.

The slug length and slip velocity between the two phases are quite important
parameters which determine the mass transfer between slugs [188]. In Cabeza et al.’s
design (Figure 4.14) [189], the aqueous phase of gold precursor and NaBH4 was
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Figure 4.14: Segmented flow generation in a Si-glass microfluidic reactor used for Au NPs synthesis
by NaBH4 (reprinted with permission from Ref. [190]. Copyright 2012, American Chemical Society).
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segmented by air, toluene or silicone oil inside a siliconmicrochannel (H ×W: 0.4mm×
0.4mm). The air-water two-phase flow resulted in the smallest andmost monodisperse
Au NPs with size 2.8 ± 0.2 nm, even though the reaction was in the continuous phase;
this was attributed mainly to improved internal recirculation in the slugs. This system
also led to the smallest amount of particle loss by interfacial absorption.

The same silicon microreactor was used as a hydrophilic reactor by Kulkarni and
Sebastian Cabeza, and compared with a hydrophobic PTFE reactor (2.5mm I.D.) for
biphasic synthesis of Au NPs at the interface between an aqueous gold precursor and
organic reducing agents (triethylamine, butyl amine, etc.) with CTABr as capping
agent (Figure 4.15) [190]. The authors made use of the internal convection in seg-
mented flow to renew the reactant at the interface in order to synthesize and grow the
gold nanostructures. Nanoparticle preferential self-assembly at the water-oil inter-
face by Pickering stabilization may have played a role in this synthesis [191].
Figure 4.15(d)–Figure 4.15(g) indicate different locations of particle accumulation
for different wettability of tubing wall, which ultimately determined the nanoparticle
size and shape. In hydrophilic microchannels the particles remained in the contin-
uous aqueous slug and were located at the lower pressure region at the end of the
slug [190]. When the particles moved to the end of one slug, they could be transferred
to the next one along the film in the continuous phase while the droplet of the
reducing agent would provide successive growth for these particles. The particles
grew to form hexagonal bypyramidal shapes with a size of 42 nm. On the other hand,
in hydrophobic microchannels the particles were trapped in individual droplets. The
nuclei preferentially formed at the front-end of the droplet and then moved to the
low-pressure end as their size increased. This movement enhanced the internal-
mixing which led to higher nucleation rates and smaller final Au NPs (12 nm), whilst
retaining the spherical shape.

Khan and Duraiswamy utilized N2-aqueous segmented flow to synthesize Au NPs
in a PDMS reactor with CTAB as a capping agent (W × D × L: 300 μm × 120 μm × 0.4m)
not only for better mixing, but also to stop the H2 liberated from the NaBH4 decom-
position disrupting the flow (Figure 4.16) [192]. The evolved H2 transferred to the N2

bubbles leading to controllable stable flow. The authors showed that ultra-small Au
NPs (<5 nm) could be synthesized with satisfactory quality to be used as seeds for
CTAB-capped Au nanorod formation by off-chip synthesis.

Although internal recirculation in the slugs helps improve mixing, the mixing time
scalemay not be sufficient for nanoparticle syntheses which exhibit fast kinetics. In this
case,windingmicrochannels can help break the symmetry of recirculation patterns and
enhancemixing [193, 194]. While this is easily implemented in a planar microfabricated
device, it is rather more difficult if one uses standard tubing. Thus, Zhang and Xia
employed periodically pinched PTFE tubes with I.D. of 0.5mm during droplet flow to
decrease the mixing time from 15 to less than 1 s (Figure 4.17a), which led to more
monodisperse Au NPs (Figure 4.17b) compared to the product under the same experi-
mental conditions except without a pinched mixing zone (Figure 4.17c) [195].
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The flow patterns in the droplet-based systems depend on fluid properties [197].
Sometimes, a high concentration of the surfactant in seeded growth methods is
necessary to guide the orientated growth or maintain the colloidal stability. These
surfactant-rich reagents could increase the viscosity of the aqueous phase and change
the interfacial tension to affect the droplet characteristics [197]. Duraiswamy and Khan
employed a droplet-based microfluidic method during the surfactant-rich anisotropic
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Figure 4.15: Schematic (a) and photograph (b) and (c) of flow patterns inside hydrophobic PTFE (left)
and hydrophilic silicon-glass (right) reactors during slug flow (aqueous phase in grey and organic
phase in white); (d) and (e) nanomaterial formation in hydrophilic reactor; (f) and (g) nanomaterial
formation in hydrophobic reactor (reprinted with permission from Ref. [191]. Copyright 2017,
American Chemical Society).
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Au nanorod synthesis (Figure 4.18a) [198]. Three streams of gold seed solution, pre-
mixed gold precursor with capping agent (CTAB) and reducing agent (ascorbic acid)
passed through one arm of the T-junction in a “flow-focusing” geometry and then
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Figure 4.17: (a) Schematic of segmented flow inside 0.5mm I.D. PTFE tube for Au NPs synthesis
(b) with and (c) without pinched mixing zone (reprinted from Zhang and Xia, Advanced Materials,
Copyright 2014 with permission from John Wiley and Sons) [196].
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Figure 4.16: Schematic illustration of segmented N2-liquid two-phase continuous flow for Au NPs
synthesis by NaBH4. The inset indicates the transport of H2 from aqueous phase across to gas phase
(adapted from Ref. [193]. with permission of The Royal Society of Chemistry, https://doi.org/
10.1039/C2LC21198J).
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Figure 4.18: (a) Schematic of droplet-based microfluidic with three-arm mixer for aqueous droplet
generation used for Au nanorod synthesis with ascorbic acid (reprinted from Duraiswamy and Khan,
Small, Copyright 2009 with permission from John Wiley and Sons) [199]. (b) Schematic of the two-
stage microfluidic method included gold nanoparticle seeds formation in Stage 1 and the growth of
gold nanocrystals in Stage 2 and (c) the experimental setup (Reagent R1: aqueousmixture of gold salt
and surfactant, Reagent R2: aqueous NaBH4 solution, Reagent R3: aqueous mixture of gold salt,
surfactant, and AgNO3 and Reagent R4: ascorbic acid) (reprinted from Duraiswamy and Khan, Particle
& Particle Systems Characterization, Copyright 2014 with permission from John Wiley and Sons)
[200].
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mixed with silicone oil to form homogeneous droplets inside a PDMS microreactor. By
manipulating reagent concentrations and flowrates, Au nanorods with aspect ratio
2.3–2.7, as well as other shapes (e. g. cube, star, tetrapods), were obtained. Later,
Duraiswamy and Khan combined the gold seed formation and the CTAB-capped
nanorod growth together in a dual-stage continuous flow system (Figure 4.18b and
Figure 4.18c). This time, the seed particles (<5 nm) were formed inside the PDMS
microreactor channel (W × L: 100 μm × 0.4m) by NaBH4 reduction and entered the
subsequent growth section, which was a microchannel with W × L: 300 μm × 0.45m.
Au nanorods with mean length ~35 nm and width ~12 nm were obtained [199]. The
setup was further improved by adding a gas stream (N2) to prevent the coalescence
between droplets [200]. This microfluidic system was used to synthesize gold nanor-
ods, but primarily gold-coated silicon-core particles by seeded growth.

Lazarus et al. employed a similar PDMSmicroreactor utilizing ionic liquid as solvent
to synthesize Au NPs [201]. Ionic liquids, such as the 1-butyl-3-methylimidazolium
tetrafluoroborate (BMIM-BF4) used, are salts in liquid formwhich have poor-coordinated
ions. The high nucleation rate caused by the high concentration in pure salt, low
interfacial tension and chemical stability makes ionic liquids attractive for nanoparticle
synthesis. With the aid of the microfluidic device to form homogeneous and stable
droplets of ionic liquid, spherical Au NPs were smaller and with lower polydispersity
(4.38 ± 0.53 nm) compared to those obtained in single-phase flow (6.25 ± 1.29 nm). Later,
Lazarus et al. altered the synthesis by substituting the capping agent BMIM-BF4 with 1-
butyl-3-methylimidazoliumbis-(trifluoromethylsulphonyl)imide (BMIM-Tf2N) for greater
stability and substituting the reducing agent NaBH4 with BMIM-BH4 for better solubility
and prevention of sodium-containing by-products using a similar droplet-based micro-
fluidic system and obtained 4.28 ± 0.84 nm Au NPs [202].

Taifur-Rahman et al. [203] utilized CO as a reducing agent in a membrane-based
droplet microfluidic system to produce 10 nm Au NPs, as well as grow Au shells on
gold nanoparticle seeds pre-attached on silica surfaces (Figure 4.19). The CO flowed
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Figure 4.19: Schematic of the droplet microfluidic systemwith gas reducing agent (carbon monoxide)
diffusing through a membrane (adapted from Ref. [204]. with permission of The Royal Society of
Chemistry).
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through a parallel gas channel (W × D × L: 100 µm × 124 µm × 21.8 cm) and could
diffuse into the liquid channel (W × D × L: 300 µm × 124 µm × 91.5 cm) containing the
water-fluorinated oil droplets flow via a PDMS membrane with thickness of 200 µm.
Each droplet behaved as a reaction unit reacting with nearly equal amounts of CO
with the same volume and good internal convection. The residence time could be
controlled by the gas-liquid contact time. Calculations indicated that the CO mass
transfer resistance in the liquid phase was the rate-limiting step. The mixing time
(~0.1 s) was smaller by at least one order of magnitude than the residence time,
enabling a controlled amount of the CO reducing agent to enter each droplet under
shorter times.

Abalde-Cela et al. mixed an aqueous solution with a continuous phase of HFE-
7500 fluid containing 2.5% of Picosurf-1 surfactant for quick addition of ascorbic
acid, which is critical for the synthesis of Au nanostars [204]. PDMS reactors with 100
µm × 75 µm or 80 µm × 75 µm T-junctions were utilized (Figure 4.20). The size of Au
nanostars obtained was 170 ± 7.8 µm for a surfactant free synthesis and 90 ± 2.0 µm
when PVP was utilized.

UV irradiation has been utilized to initiate the nucleation of NPs in segmented flow
systems. Hafermann and Köhler used a solution of chloroauric acid, a photoinitiator
and PVP that was exposed to a UV ray for a short period of time (30–300ms) to induce
nucleation followed by a growth section in the same 0.5mm I.D. PTFE tube.
Perfluoromethyldecalin was used as the segmenting fluid. In this system nucleation
and growth could be spatially separated. The particle size was tuned between 2.5 and
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Figure 4.20: (a) Schematic and (b) optical images of a droplet microfluidic device to synthesize Au
nanostars by ascorbic acid (adapted from Abalde-Cela et al., Copyright 2018 Scientific Report,
https://doi.org/10.1038/s41598-018-20754-x, http://creativecommons.org/licenses/by/4.0) [204].
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4 nm by varying the composition of reactant solutions or the flow rate [204]. du Toit
et al. synthesized citrate-capped Au NPs within heptane-water droplet flow using the
Turkevich method [71]. UVC lamps were used to enhance the nucleation rate in a 0.8
mm I.D. glass capillary followed by FEP tube (1mm I.D.) for controllable growth with
conventional heating (Figure 4.21). By varying the UV intensity and growth tempera-
ture at an exposure time of 10 s, the nanoparticle size was tuned between 6.6 ± 0.8 nm
and 36.1 ± 6.9 nm.

All the above systems operated under Taylor flow (i. e. the equivalent droplet dia-
meter was larger than the microchannel diameter). Lee et al. employed a flow-focus-
ing microfluidic device (orifice W × H: 50 µm × 110 µm) to generate microdroplets
forming an emulsion (Figure 4.22). They used a silicone emulsifier (Abil-Em90) to
prevent the coalescence of the microdroplets. The microdroplets contained a N-
isopropylacrylamide (NIPAM) matrix, and when the NIPAM was polymerized it
created a permeable membrane to isolate the inner compounds from the carrier
solution. Thus, each droplet could function as an individual artificial cellular bior-
eactor to synthesize NPs by precursor solutions diffusing into the droplet. Au NPs
with size 5–40 nmwere obtained when different precursor concentrations (5–50mM)
were used [206].

0.6 mM HAuCl4
0.054 ml/min

0.054 ml/min

3.0 mM Na3C6H5O7

Mixing Loop
(1 m coil)

Heptane
0.107 ml/min

AuNPs
Outlet

Heated Coil
4.40 ml

UV Reactor
7 - 140 μl

Growth Nucleation

Segmented
Flow

Figure 4.21: Schematic of continuous segmented flow for Au NPs synthesis with UV radiation by
citrate (adapted from du Toit et al., Copyright 2017 Royal Society of Chemistry, Continuous flow
synthesis of citrate-capped gold nanoparticles using UV induced nucleation, https://doi.org/
10.1039/C6RA27173A, https://creativecommons.org/licenses/by/3.0/legalcode) [71].
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Gu et al. proposed a novel method to dose the reducing agent ascorbic acid in the
form of miniemulsion (continuous phase) intomicrofluidic droplets of gold precursor
(dispersed phase). Transport of ascorbic acid from the miniemulsion nanodroplets
into the microdroplets was achieved via electrocoalescence, induced by an applied
alternating electrical field (Figure 4.23) [207]. The electrical field was applied between
two parallel electrodes placed outside the FEP tube reactor (0.76mm I.D.) without
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Figure 4.22: Schematic of microdroplet generation with the mixture of cell extracts and NIPAM
monomer in a microfluidic device for nanoparticle synthesis (reprinted with permission from Ref.
[207]. Copyright 2012, American Chemical Society).
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any physical contact with the reactants and controlled the rate of addition of the
reducing agent nanodroplets to the gold precursor microdroplets. PVP-capped Au
NPs were produced with size tailored from 44.6 ± 12.6 nm to 81.2 ± 25.5 nm by the
strength of the electrical field from 11,400 to 4300 V/cm.

4.3.2.2 Millifluidic reactors
Millifluidic slug flow reactors are less common due to difficulties in attaining stable
slug flow in larger channels. Furthermore, as the size of the tube, and hence of the
droplet, increases, mixing by internal recirculation within the droplet becomes less
efficient. For this reason synthesis of NPs in millifluidic reactors has received less
attention. Zhang et al. demonstrated a millidroplet reactor which could produce
droplets with a volume of 0.25ml inside a PTFE tube of I.D. 5.8mm (Figure 4.24a)
[208]. Co-axial flow with reversed flow direction of two streams was used to obtain
better mixing in mixer T1 (Figure 4.24b). The well-mixed reagents were subse-
quently merged with silicon oil and formed a co-axial jet instead of droplets in
the channel in mixer T2 and the exiting PTFE tube (I.D. = 1.58mm). The jet was
stabilized due to the high flow rate of the silicone oil stream, but when it entered the
PTFE tube (I.D. = 5.8mm) the flow rate for the silicone oil suddenly dropped,
resulting in ml-sized droplets together with small, satellite droplets
(Figure 4.24e). The satellite droplets merged quickly with the adjacent large dro-
plets before they entered the reaction zone. With this setup, 10–30 nm spherical
cetyltrimethylammonium chloride-capped Au NPs were produced by seeded
growth with ascorbic acid, as well as Au cubes with 50 nm in edge length. The
productivity of this system was in the 1–10 g/h range. The PTFE tube size of 5.8mm
appeared to be the largest size that could be used when silicone oil was employed as
carrier phase. When tubes with larger diameter were used, it became difficult to
generate stable droplets [53].

Aqueous DP

W/O miniemulsion CP

Nanodroplet

Convection
Electrocoalescence 

Figure 4.23: Experimental setup for dosing ascorbic acid from nanodroplets by electrocoalescence
under high strength electrical field to synthesize Au NPs (adapted from Ref. [208]. with permission of
The Royal Society of Chemistry, https://doi.org/10.1039/C8LC00114F).
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4.4 Guidelines for the design of continuous nanoparticle
processes

4.4.1 A general overview of nanoparticle synthesis process development

The most important consideration for designing any Au NP synthesis process (batch
or continuous flow) is the desired end use of the Au NPs. Since the properties of Au
NPs vary depending on their size and shape, and also on their conjugated function-
ality, it is important to establish exactly what properties are required before starting
any design process. There is no synthesis process that fits all needs. Many different
synthesis processes produce Au NPs which are pre-functionalized with a specific
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Figure 4.24: (a) Schematic illustration of the millilitre-sized droplet reactor used for the synthesis of
Au NPs by ascorbic acid. (b) Schematic illustration of the flow mixer (T1) with three PTFE tubes
connected to the T-junction and one silica tube fixed in the centre of the top PTFE tube. (c) Photograph
of mixing demo based on the design of (b) with red and blue dye. (d) Schematic illustration of the
design for droplet generating (T2). (e) Photograph of 0.25 ml droplets and 0.5 μl satellite droplets in
the PTFE tube with an I.D. of 5.8mm (reprinted with permission from Ref. [208]. Copyright 2014,
American Chemical Society).
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ligand which cannot be easily removed or exchanged and thus are only suitable in
cases where the ligand has no impact on the application, or is the exact ligand
required for said application. Similarly, some processes utilize toxic reagents
which, though they might not be present in the final product, may make them
unsuitable for pharmaceutical applications. Thus, the particular application will
provide targets for size (or size range), polydispersity, choice of stabilization agents
and throughput. The choice of stabilization agents affects hydrophobicity/philicity,
subsequent functionalization, as well as long-term stability and storage of the parti-
cular nanoparticle formulation. It is important to note that if the conversion of the
precursor is not complete during the synthesis, unreacted precursor will lead to
nanoparticle growth/aggregation during storage.

Typically, there is more than one way to achieve the desired outcome. For
example 7 nm particles functionalized with an amine can be achieved in a variety
of ways. The Turkevich method has been shown to produce particles as small as 6 nm
[71]. Such particles can be synthesized and consequently functionalized with other
capping agents, such as thiol, cysteine or short proteins. Alternatively oleylamine-
based synthesis can also achieve 7 nm Au NPs with very tight size control which can
also subsequently be functionalized [209]. At the start of the design process it is
important to establish as many suitable synthesis routes as possible, since one or
more of these could later become discounted due to further complications
downstream.

Once a suitable process (or processes) has been chosen there are several key
design considerations which should be taken into account when trying to transfer an
Au NP synthesis process into flow. Without being exhaustive, Figure 4.25 illustrates
some of the considerations and challenges which can be encountered when devel-
oping an Au NP synthesis process, along with corresponding tools for addressing
them. Some of the tools are chemistry-based, while others are engineering-based.
Thus, a multidisciplinary approach will have more chances for developing an opti-
mized process. Due to the relatively low annual production rates required and the
sensitivity of most Au NP synthesis techniques, this schematic focuses on the design
aspects which would be addressed for developing micro or millifluidic reactor
systems.

As illustrated by Figure 4.25, there are relatively few design considerations to be
made when developing a batch process, though their complexity should not be
underestimated. In a typical batch process the chosen synthesis route is the greatest
factor in the design, since this predetermines the size of the particles, their poly-
dispersity and their functionality or ability to be functionalized. These properties can
be manipulated by studying the kinetics of the system (as discussed earlier), where a
design-of-experiments approach can also provide additional guidance. Varying the
temperature, pH or chemical composition of a reaction mixture can be used to fine
tune the process, but ultimately does not change the physical design of a batch
reactor. Small batch systems, such as lab scale synthesis in a round bottom flask,
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offer moderate reactor surface area to volume ratios (SA:Vs); this needs to be con-
sidered when synthesizing particles, since any surface or interface can act as a
nucleation zone or potentially provide surfaces for fouling. This is less critical in
larger vessels used for process scale-up, though other problems can arise, such as
inefficient mixing/heating.
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Figure 4.25: Key considerations for the development of a nanoparticle synthesis process in batch and
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When the mixing efficiency of the reaction mixture plays an important role in
product quality, batch reactors may be unsuitable. In cases where a reaction is very
rapid (in the order of milliseconds), then it becomes crucial that the mixing time is
even faster (or very well controlled), lest product quality suffers due to the formation
of polydisperse particles. In this case the size of the reactor would be limited, since
mixing efficiency decreases as reactor size increases. In addition to improvingmixing
as extensively demonstrated earlier, another way to control the process is slowing
down the kinetics of the synthesis. A deeper understanding of the reaction kinetics
can thus aid in identifying conditions for slowing down the synthesis, so that mixing
speed is not the rate controlling step. By, for example, manipulating the pH of a
system, the initial rate of reaction can be slowed and mixing can be allowed to
complete before the reaction starts.

4.4.2 Challenges and solutions of micro/millifluidic processes

In contrast to batch process design, the scope of design considerations for developing a
continuous flow process is much broader. In addition to all of the batch process design
considerations, such as the fundamental reaction kinetics, understanding the physico-
mechanical aspects of the reactors also becomes imperative. Unlike many chemical
synthesis processes that only benefit from the improved RTD, mixing efficiency, heat
transfer and control afforded by milli- and microfluidic devices, the synthesis of parti-
cles in flow systems is much more complex due to the potential for reactor surface
interactions. This is due to the fact that surface area to volume ratio increases quickly in
milli- and microfluidic devices. A batch reactor comprising of a 1 litre round bottom
flask, for example, has a SA:V of approximately 0.5 cm−1. This is much lower when
compared to a 1 cm I.D. tube of the same volumewhich has a SA:V of 4 cm−1, or a 0.5mm
I.D. capillarywith a SA:V of 80 cm−1. In addition to a vastly different SA:V, thematerials
employed also typically have drastically different physicochemical properties. Since a 1
litre reactor made from a 1 cm I.D. tube would have to be over 12 m long, the use of glass
tubing becomes prohibitive and is thus typically substituted for etched glass chips with
much lower volumes, or flexible plastic tubing. This means that the surface roughness
and the surface chemistry of the reactors are not directly comparable with typical batch
reactor systems and can have very different interactions. Altogether this may lead to
fouling on the reactor walls.

4.4.2.1 Reactor design – residence time distribution
Control over the PSD is a key point for gold NPs synthesis, as many applications
demand very reproducible and narrow size distributions, as discussed earlier.
Recalling Figure 4.25, flow-synthesized particle characteristics are strongly affected
by the RTD of the reactor. To explain what this distribution represents and why it
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affects NPs synthesis in flow rectors, we first need to have a brief introduction to
reactor design.

A general approach to tackle reactor design is to solve the mass, momentum and
energy balance equations. If all the input data (flow conditions at the inlet, tempera-
ture and composition of the feed stream, etc.) and the reaction rate laws are known,
this design approach is possible. Because the equations are coupled and complex to
solve, they need to be integrated numerically by means of a computational fluid
dynamics (CFD) code. CFD offers the advantage to reduce to the minimum the
amount of assumptions required by the model. Its major drawback, however, is the
relatively high computational cost of the simulations. It should be borne in mind that
the reactor design procedure aims to provide an efficient relation between the input
and output of the reactor that permits reducing the parameter space in which the
designer must operate and determining the optimal conditions at which to operate
the reactor. For this analysis – which involves scanning over a broad range of
conditions – CFD models are not well suited. The appropriate models should be
able to describe the reactor performance, with reasonable accuracy, at much less
computational cost. To achieve this, one usually favours simpler models, based on a
larger number of simplifying assumptions, that are fast to solve numerically and able
to provide the information of interest to the accuracy required.

Amodelling approach frequently employed consists of determining the contacting
patterns in the reactor first and then use them to evaluate the reactor performance. The
contacting patterns can be determined either by solving for the fluid dynamics in
absence of reaction or by assuming the fluid dynamic behaviour so that themomentum
balance equation does not need to be solved, or by experimentally analysing the
behaviour of inert tracers in the reactor [210, 211]. Quantitatively, the contacting
patterns are expressed by means of the RTD function [66]. Denoted by E tð Þ, this is
defined so that E tð Þdt yields the fraction of fluid that spends in the reactor a time in the
range dt around the value t. Therefore, the RTD is a probability density function that
describes the amount of time spent in the reactor by each fluid element (infinitesimally
small macroscopically, but containing a statistically significant number of molecules).

One can imagine each one of these fluid elements as a batch reactor character-
ized by a certain reaction time t. The “weight” of the contribution of each fluid
element to the overall reactor output is given by the RTD, which indicates how
many fluid elements are characterized by any given residence time t. For continuous
reactors synthesizing NPs, one is usually interested not only in the reactor conversion
(as in “conventional” reactors), but also in the PSD. Denoted by n vð Þ, the PSD is
defined so that n vð Þdv yields the number of particles with volume in the range dv
around v. If we know the time evolution of the PSD for a hypothetical batch reactor
(even though we have pointed out how complex this is earlier), then the PSD at the
outlet of a continuous flow reactor �n vð Þ is given by:
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�n vð Þ=
ð+∞

0

n v, tð ÞE tð Þdt.

This equation reveals the key role that the RTD plays in determining the char-
acteristics of the NPs synthesized in a flow reactor. The width of the RTD makes the
PSD of the continuous flow reactor differ from that of the batch (or of the plug flow)
reactor. In particular, the “wider” the RTD, the “wider” the PSD. Hence, effort has to
be put in “narrowing” the RTD of these reactors [43, 212–214]. It has been recently
shown how the RTD-based approach can be employed to predict the outcome of flow
reactors synthesizing NPs, taking into account different contacting patterns aswell as
the different diffusivities of precursors and NPs [215]. In this work, the PSD was
determined for a single-phase (laminar) microreactor and a segmented flow micro-
reactor as these reactors represent the most commonly encountered continuous
reactors employed, as discussed earlier. While segmented flow reactors led to narrow
PSDs due to their narrowRTD, single-phase laminar reactors characterized by awider
RTD, led to wider PSDs.

The RTD approach is no longer valid when mixing time significantly affects the
synthesis product. In this case, PBEs have to be implemented within CFD codes to
solve for the evolution of the PSD. This approach has been used by Marchisio and co-
workers [216] to model a confined impinging jet reactor synthesizing barium sulphate
NPs via a precipitation reaction. In this system, mixing and reaction have the same
timescale, and so the RTD approach would not have been suitable.

4.4.2.2 Reactor fouling/interfacial absorption
Fouling (either due to fully formed particles depositing on the reactor walls or from
reactants reacting and plating the walls) often creates complications in milli- and
microfluidic flow systems used for synthesizing particles. Not only does fouling lead
to a loss of material, and therefore a lower product yield, but it can also create
secondary heterogeneous nucleation sites and “particle incubation zones”. Since
the rate of nucleation on the tubing walls would be inherently different than that in
the bulk of the solution, this can lead to increased polydispersity in the product.
Similarly, if particles foul or get temporarily entrapped on or in the surface of the
material where the concentration of unreacted AuNP precursors is still high, they can
continue to grow to much larger sizes, and often take on unusual shapes. The slow
build-up of fouling also leads to a gradual change in the reactor’s physical properties
during use (from hydrophobic to hydrophilic for example). This can lead to a variable
product, since the yield and polydispersity change as fouling increases and can
eventually even block the flow through the reactors. This is especially evident
when using synthesis techniques where the Au NPs are charge stabilized, such as
the classical citrate reduction method. As illustrated in Figure 4.26, a purple-gold
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fouling was often evident immediately after the reagents (HAuCl4 and Na3C6H5O7)
were mixed. During prolonged operation, the level of fouling could be so high as to
form sheets of gold leaf inside the tubing which eventually led to the formation of
blockages (Figure 4.26 inset).

In order to counteract fouling various techniques can be employed. Since a high
SA:V is difficult to overcome without sacrificing on efficient heat and mass transfer,
as well as the residence time (or RTD), physicochemical steps are generally taken to
discourage fouling, and some of them have been detailed earlier. These include
carefully considering the choice of tubing material (the use of high density plastics,
or plastics with a lower porosity), chemically treating tubing to change the hydro-
phobicity [217] and surface charge, or the use of segmented flow to prevent contact
between the reaction medium and the tubing wall. However, it is important to note
that each step taken to prevent fouling can lead to further complications of their own.
A chemical surface treatment can wear off over time, contaminating the product and
causing variable conditions inside the reactor. The use of immiscible segmenting
fluids can cause interfacial absorption [218] and can also increase the complexity of
downstream processing, since the carrier fluid would then have to be separated from

Figure 4.26: Typical level of fouling observed when classical citrate reduction was employed in a
microfluidic reactor (0.5mm I.D. FEP tubing) with flows of 0.2 ml/min each of a 1 mM HAuCl4 solution
and a 5 mM trisodium citrate solution mixed with a T-mixer at 90 °C. Blockage (inset) observed after
approximately 8 h continuous operation.
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the product. Figure 4.27a illustrates how extensive interfacial absorption can be. In
this case toluene was compared with dodecane to create segmented flows for a
classical citrate reduction Au NP synthesis method. Both fluids prevented fouling
within the reactor; however, in the case of toluene nearly all of the synthesized
particles were lost due to interfacial absorption.

In addition to leading to a loss of material, the occurrence of interfacial absorption
can also affect the size and size distribution of the particles that remain. Figure 4.27b
shows the PSDs achieved when the same reaction mixture was segmented with five
different segmenting fluids, namely heptane, octane, decane, dodecane and toluene.
In addition to the loss of material observed through the appearance of a dark film of
aggregates at the interface between solutions (with toluene being by far the worst),
the size and size distributions varied in each case. This suggests that similarly to
fouling on the reactor wall, the occurrence of interfacial absorption also leads to
heterogeneous nucleation sites or “particle incubation zones”. In order to reduce this
effect it is clear that a good understanding of the interactions between fluids is
required, but also that a certain degree of investigation is needed to determine the
best segmenting fluid to use. In Figure 4.27b for example, there does not appear to be
a distinct trend between the length of the alkane used (and consequently the density,
viscosity, miscibility or interfacial surface tension) and its effect on particle size, but
it is evident that both heptane and dodecane performed best.

Ultimately fouling, or the secondary complications arising from attempts to miti-
gate fouling, might not be overcome to a satisfactory standard (if, for example, the
added downstream processing becomes cost prohibitive). In these cases it is worth
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Figure 4.27: The effect of different segmenting fluids on the interfacial absorption of Au NPs during
classical citrate reduction synthesis (a reactionmixture consisting of 0.5 mMHAuCl4, 5 mM trisodium
citrate and 1 mM citric acid prepared in-line at room temperature) segmented with the chosen
segmenting fluid using a T-mixer before entering a hot (90 °C) millifluidic reactor (2.1mm I.D. FEP
tubing); (A) schematic and photos illustrating the occurrence of interfacial absorption, and (B) effect
of interfacial absorption on the PSD of the remaining Au NPs depending on the segmenting fluid
chosen (measured by differential centrifugal sedimentation).
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reconsidering which synthesis routes are available, which will ultimately produce the
same product. For example, Au NPs conjugated with thiol-based molecules have a
much lower prevalence to foul. A route which employs these ligands during synthesis
will not present as much of a fouling problem, so, if what is needed is amine functio-
nalized Au NPs, it might be best to use a process that employs an amine thiol.

4.4.2.3 Multiphasic reaction systems
The use of multiphasic reaction systems must be carefully considered when design-
ing a continuous flow process. This is not only due to the added difficulties involved
in in-flow phase separation, but also due to the different interfacial surface areas
achieved in batch and flow systems (analogous to the difference in SA:V between
batch and flow systems). In multiphase reaction systems (where reactants are sepa-
rated by a phase boundary), maintaining a constant size of the interface is paramount
in order to ensure that the product produced is of good and reproducible quality. This
is due to the fact that the interfacial surface area limits the rate at which reactants and
products can be transferred between phases.

In batch systems, the interface between two phases is dynamic with both solu-
tions free to circulate throughout the reactor and disperse into each other through the
formation of droplets under agitation. Since the phases are not isolated (droplets can
subsequently coalesce and re-join the bulk of the solutions) a chaotic and poorly
regulated interface is present. The formation of additional phases (such as the
evolution of gas) does not interfere, since gas bubbles are rapidly removed from the
system. In contrast, when using a milli or microfluidic reactor system, each droplet is
spatially isolated from the next. Thus each droplet has its own interface and ensuring
that each droplet has the same interfacial surface area is necessary. Thus, systems
like this have to be well ordered. In order to achieve the same rate of phase transfer,
the size of each droplet has to be identical every time the experiment is run. This can
be difficult to achieve, especially in cases where gas evolution also takes place.

A good example to illustrate the potential complications of using multiphasic
reaction systems in a continuous flow process is the technique for synthesizing thiol
capped Au NPs proposed by Brust et al. [157]. In the classical Brust-Schiffrin method,
a prepared Au(x) and dodecanethiol in toluene solution (where x denotes the mixture
of Au(I) and Au(III) resulting from the partial and incomplete reduction of Au(III) to
Au(I) by dodecanethiol), is continuously mixed with an aqueous NaBH4 solution to
facilitate the reduction of the Au(x) to Au(0) forming dodecanethiol capped Au NPs.
The reduction of Au(x) by NaBH4 results in the rapid evolution of hydrogen gas.

Since the interface between the toluene and the water phases plays an impor-
tant role during reduction, either as the site of the reaction or as the medium
through which phase transfer of NaBH4 occurs, it is important to maximize the
size of this interface in flow. The most obvious choice is thus to employ droplet flow
with small droplets of an Au(x) solution dispersed in an aqueous NaBH4 solution as
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this ensures the greatest possible interfacial surface area. However, as illustrated
by Figure 4.28, complications can arise in this case due to the evolution of hydrogen
gas.

As can be seen in Figure 4.28a, when pure toluene and water were used, stable
droplet flow was achieved with uniform sized toluene droplets which would result
in very high interfacial surface areas for the transfer of NaBH4 into toluene.
However, when the reactant solutions were used, highly variable and uncontrolled
flow was achieved due to the rapid evolution of hydrogen gas in the aqueous NaBH4

stream. This not only resulted in inconsistent droplet sizes (Figure 4.28b and
Figure 4.28c), but also in a complex three-phase flow where the toluene and
water phases did not make contact (Figure 4.28d). The end result was that the
droplet flow was unstable causing the coalescence of the toluene droplets to form
segmented or slug flow. These segments were uneven in size, not uniformly dis-
tributed, and often separated by H2 gas segments. Figure 4.29 shows the particles
produced in the batch and flow processes as analysed by TEM. The particles
produced in the batch experiment were very similar to the particles produced in
the classical Brust-Schiffrin method with an average particle size of 2.3 ± 0.4 nm. In
contrast, the particles produced in segmented flowwere more polydispersed, with a
significant number of larger Au NPs (approximately 5 nm) produced as well. These
results are likely a result of H2 gas formation. As illustrated in Figure 4.29b, the
evolution of gas in a segmented flow system results in a reduction of the interfacial
surface area between the aqueous solution and toluene, since the gas bubbles form
segments of their own which block the interaction between the phases. In addition,
the evolution of gas increases the overall flow rate and therefore reduces the actual
residence time in the reactor. Conversely, in a batch system (Figure 4.29a), the
evolution of gas bubbles enhances mixing and recirculation of material in both
phases. Since the gas is free to escape there is also no build-up at the interface
between the water and toluene phases, so no “blocking” effect is achieved. This
results in smaller and less polydisperse particles.

Figure 4.28:Multiphasic reaction system in amicrofluidic droplet chip (3200130, Dolomite); (a) toluene
(50 µl/min) as dispersed/droplet phase and water (210 µl/min) as continuous phase, (b–d) a 11.25mM
Au(x), 10.5 mM dodecanthiol and 50mM tetraoctylammonium bromide in toluene solution as the
dispersed phase (50 µl/min) and 30mM NaBH4 aqueous solution as continuous phase (210 µl/min).
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A potential solution to this problem is to prevent the evolution of hydrogen gas
from the NaBH4 by either using much lower concentrations (so that the H2 formed
remains dissolved in the water), or to use higher pH solution to buffer the release
of H+ from NaBH4 and thus prevent the formation of H2 altogether. These types of
changes could however have knock-on effects on the chemistry of the Au NP synth-
esis reactions. Changing the concentrations of reactants can change the kinetics and
mechanisms involved in particle formation, resulting in AuNPs of different sizes or in
the formation of by-products. Altering the pH can also change the species of the
reactants present which can in turn alter their reactivity.

4.4.2.4 Downstream processing
Whenever continuous flow reactor systems are used, continuous downstream pro-
cessing needs to be considered. The benefits attained by continuous manufacturing
processes could be lessened if downstream processing is conducted in a batch wise

Figure 4.29: Particle size distributions and schematic of flow patterns obtained in; (a) batch and (b)
continuous flow “Brust-Schiffrin” synthesis of dodecanethiol capped Au NPs. In both cases, 11.25mM
Au(x), 10.5 mM dodecanthiol and 50mM tetraoctylammonium bromide in toluene solution were
employed with a 120mMNaBH4 and 725mMNaOH aqueous solution. The batch experiment utilized 2
ml of each solution in flask agitated bymagnetic stirrer for 1 h. The continuous flow setup utilized a T-
mixer to create segmented flow through a length of FEP tubing (5 m long, 0.5mm I.D., 1.0 ml volume)
with both solutions flowing at approximately 0.5 ml/h resulting in a 1 h residence time. Size
distributions were determined by TEM.
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fashion. For example, there is little gain from continuously synthesizing Au NPs, if
one then has to wait and collect a litre at a time to purify and wash the products in
batches. If synthesis is conducted in flow, then downstream processing (purification,
precipitation or further functionalization, etc.) should also be conducted in flow.

One of the principle concerns in continuous flow downstream processing
involved in Au NP production is phase separation. Using segmented flow to control
RTD, prevent fouling or due to the fact that the reaction system ismultiphasic, creates
the need to subsequently separate the phases. In a batch manufacturing process this
is simple, since different phases will naturally separate in the reactor due to gravity.
Gas bubbles will dissipate and oils will self-separate and fractionate based on their
density, allowing the Au NP phase to be siphoned off. However, in a flow system
phase separation is more complex and typically requires additional equipment such
as a membrane separator.

Figure 4.30 shows a continuous flowmembrane separator which can perform in-
line phase separation of a segmented flow stream [219]. A PTFE membrane is used to
separate a hydrophilic phase from a hydrophobic phase which readily wets the PTFE
membrane. When a membrane-based continuous flow phase separator is employed,
it is important to ensure that the pressure difference across the membrane is tightly

Segmented contacting flow

Microporous PTFE membrane Diaphragm valve for pressure control

Pout
   (retentate outlet) ret

Pmem
  ret

Pmem
  per
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   (permeate outlet) per

Diaphragm
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Figure 4.30: Schematic of operation and pictures of a disassembled membrane-based separator
integrated with a self-tuning pressure control element (reprinted with permission from Ref. [220].
Copyright 2017, American Chemical Society).
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controlled to avoid breakthrough, where both phases cross the membrane and
separation is not achieved. This typically requires the use of back pressure regulators
to modulate the outlet pressure of the two streams exiting the membrane separator,
which not only increase the complexity of the system, but can greatly increase the
cost of operation. In the separator shown in Figure 4.30 an integrated diaphragm is
used to modulate the pressure between the two outlet streams and ensure that the
pressure drop across the membrane is kept stable.

The introduction of such systems can result in the introduction of new problems.
Fouling is a key concern whenever additional materials are introduced to a flow
system (especially high surface area materials such as a membrane). We must also
consider what would happen to any particles that are trapped at the phase interface
due to interfacial absorption. Either these particles are forced through the membrane
and leave in the permeate, are retained in the retentate, or become lodged in the
membrane itself. Each of these scenarios can have significant implications for the
continuous production process. In a continuous flow system itmight be apt to employ
several redundancies (multiple interchangeable membrane separators for example)
which can allow for routine maintenance and downtime to mitigate potential
problems.

Another major downstream processing operation is the continuous purification
of Au NPs in flow. Many synthesis routes use one or more reactants or functionaliz-
ing agents in excess. Prior to the use of Au NPs from such synthesis techniques, the
Au NP mixture has to be purified to remove these superfluous reagents. This
typically involves a complex multistage process to remove the Au NPs from solution
and then to repeatedly wash the particles. For example, in the classical Brust-
Schiffrin method the synthesized thiolate Au NPs have to be precipitated and
washed prior to use. The precipitation process involves the concentration of the
Au NP in toluene solution by evaporation of toluene (an energy intensive process),
the subsequent addition of a large volume of ethanol to increase the polarity of the
solvent, and refrigeration (typically −18 °C for 4 h). Following precipitation the
particles are removed from the solution via filtration and redispersed in toluene.
The overall process is time consuming and energy intensive. It is also difficult to
adapt to flow, since the process of concentrating, diluting with ethanol, cooling for
4 h, and filtration would involve many different unit operations. Thus a new
approach is required.

Figure 4.31 illustrates a procedure for the in-line purification of thiolate Au NPs
using continuous diafiltration [220]. In this case, slightly different water-soluble
thiolate Au NPs were purified. The crude Au NPmixture was mixed with fresh solvent
prior to passing through a dialysis membrane. Since the AuNPswere too large to pass
through the membrane they exited the membrane in the retentate with a small
amount of the solvent. The vast majority of the impurities were removed with the
majority of the solvent in the permeate. Though not as effective a purification
technique as precipitation and washing (where all impurities are considered
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removed) this technique is much less energy intensive and less time consuming,
since it can be performed in-line with the original reactor system. It thus provides a
good compromise to the batch purification process without the costs and complex-
ities associated with adapting the native “Brust-Schiffrin” purification process to
flow. Such in-line tangential flow filtration (TFF) integrated with a millifluidic reactor
was demonstrated by Lohse et al. for the removal of CTAB and by-products from the
crude reaction product of gold nanorods synthesis and thiol exchange on gold
nanorods [181]. TFF can potentially reduce product losses due to aggregation,
because the Au NPs are not forced into close physical contact as for example during
centrifugation. This type of approach relies on well stabilized Au NPs. Such high
surface area membranes might be susceptible to fouling from particles which are not
well stabilized, such as simple citrate charge stabilized particles. The message
behind continuous flow purification, downstream processing, and indeed any flow
process relating to the manufacture of Au NPs, is that compromise will be necessary
and complications are likely. It is important to have a wide ranging arsenal for
dealing with these problems and to be highly flexible in one’s approach. If for
example the Au NPs synthesized with one particular synthesis route cannot be
effectively purified in flow, then it may be prudent to pursue an alternative synthesis
route altogether.

4.4.2.5 Summary of main design rules for continuous flow NP reactor design
The discussion above clearly reveals the complexity of the design of continuous flow
reactors for the synthesis of NPs. A large number of aspects, most of which are closely
related, need to be considered, while all the necessary information (such as kinetics
of synthesis processes) to make fully informed decisions, are not always available.

Crude
Nanoparticles

Pure
Nanoparticles

Lower MW
Species

Figure 4.31: Schematic of continuous diafiltration of water-soluble thiol-stabilized 3-nm gold nano-
particles. Small molecule impurities and small gold nanoparticles (blue) are eluted in the permeate,
while the larger gold nanoparticles (purple) are retained (reprinted with permission from Ref. [221].
Copyright 2006, American Chemical Society).
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Here, we present a brief summary of the main design rules that we suggest should be
followed when undertaking the design of continuous flow reactors for gold nanopar-
ticle synthesis.
1. Specify the desired end use of the Au NPs, and identify the desired Au NP

properties (size, polydispersity, shape, functionality, etc.) and final process
targets (throughput, purity).

2. Identify a range of suitable synthesis routes and consider each one individually.
3. Gather kinetic data for the reactions (and any other relevant process) involved, if

possible. Estimate their characteristic times and assess how critical are the heat
and mass transfer rates.

4. Depending on the desired throughput and on how fast the relevant kinetics are,
decide whether to use a milli- or a microreactor. For larger throughputs and
syntheses involving slower reactions, millireactors should be more suitable.

5. Assess the implications of mixing and RTD on PSD, which are usually more
severe for larger diameter devices and single-phase reactors.

6. If fouling presents a problem, multiphase reactors (in which the flow is segmen-
ted) may be more suitable. Consider, however, the implications in terms of
downstream processing and select carefully the segmenting fluid to minimize
interfacial absorption.

7. If a single-phase reactor is preferable, select a channel material that prevents or
reduces fouling, treat the tube or manipulate the synthesis chemistry.

8. Design the reactor and select operating conditions that result to full consumption
of precursor.

9. Select the operating conditions carefully. Low concentrations and appropriate
pH can be used to reduce or prevent the formation of gas products.

10. Consider separation and purification procedures at the outset, as thesemay affect
process viability.

We also recommend considering the schematic in Figure 4.25, which, in addition
presenting the key considerations for the development of nanoparticle synthesis
processes in batch and flow systems, highlights as well their multiple connections.

4.5 Critical safety considerations

While many of the materials employed for the syntheses of Au NPs described in this
chapter are safe to use (e. g. sodium citrate or ascorbic acid), some of the chemicals
are toxic and/or flammable, hence they should be carefully handled and the experi-
mental conditions should be strictly controlled.
1. Read the Material Safety Data Sheet (MSDS) before using any chemicals. The

hazardous chemicals (with labels like Explosive, Highly Flammable, Toxic,
Harmful, Corrosive, Oxidizing or Irritant) should be strictly controlled and stored

4.5 Critical safety considerations 205



under proper conditions. A spillage kit suitable for the types of chemicals being
handled, as well as the correct type of personal protective equipment (PPE) must
be used. If special first-aid facilities or equipment (e. g. extinguishing media) are
required, then training is essential in their use. For environmental precautions,
do not let chemicals enter drains. Store the chemicals in cool place. Keep contain-
ers tightly closed in a dry and well-ventilated place.

2. If using special experimental conditions (e. g. elevated temperature, high
pressure, microwaves, lasers or radiation), suitable training is required. All
the relevant equipment should be checked regularly to ensure their proper
operation. Appropriate operating procedures are required for risk
management.

3. Gold(III) chloride hydrate needs special attention, since it is corrosive to metals
and to skin, and can cause serious eye damage and skin sensitization. For safe
storage, note that gold(III) chloride hydrate is light sensitive and strongly
hygroscopic.

4. Sodium borohydride, a widely used strong reducing agent, could emit flammable
gases which may ignite spontaneously in contact with water. Thus, it should be
handled under inert gas and protected from moisture. For cleaning up, do not
flush with water. Keep in suitable, closed containers for disposal. For firefighting
measures, the suitable extinguishing media is dry powder.

5. For the use of thiols, be aware that special hazards (sulphur oxides) might arise
from the substance or mixture.

6. Aqua regia is commonly used to clean up the apparatuses used to synthesize Au
NPs. It is acutely toxic if inhaled or ingested, corrosive to skin and eyes and
extremely destructive to the tissue of the mucous membranes and upper respira-
tory tract. It should be kept and stored away from clothing/combustible materi-
als. Appropriate PPE (lab coat, safety glasses, with side shields or splash goggles
and gloves compatible with nitric and hydrochloric acid) should always be used.
Handling of aqua regia must be done only inside a fume hood and with glass-
ware. Mix the solution in a fume hood with the sash between you and the
solution. Never add any organics to aqua regia solution, it could cause an
explosion. When preparing aqua regia, always add nitric acid to hydrochloric
acid, never vice versa. Never store aqua regia solutions, as it will oxidize over
time to form toxic gases. Make only small, fresh batches of aqua regia for each
use.

7. Where hazardous or flammable gases (e. g. CO, hydrogen) are intended to be
used, gas alarms/monitors are required and cylinders must be stored in vented
enclosures. Purge the reactor system with dry inert gas (e. g. helium or nitrogen)
before the hazardous gas is introduced andwhen the system is switched off. Keep
away from combustible materials, heat, hot surfaces, sparks, open flames and
other ignition sources.
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4.6 Conclusions and future perspective

If the predicted markets for Au NPs reach their full potential, their demand will
increase significantly. Since their performance is critically affected by their properties
(size, size distribution, composition, surface functionality), even small deviations
can render them unsuitable for the target application. Obtaining Au NPs with con-
sistent properties with robust manufacturing processes will be required. Currently
manufacturing of Au NPs is based on batch processes, which are similar to the ones
used for their lab synthesis. Batch-to-batch variability however can be an issue,
particularly as the scale increases, due to the inherent limitations of batch processes
in terms of mass/heat transfer, hydrodynamics and reaction time control.

Microreactors and millireactors can solve some of the challenges faced to achieve
high quality/quantity products. This has been demonstrated by various studies, using
for example controlled or fastmixing devices, segmentedflow systems, dynamic reactor
operation. Such reactors can overcome issues of reproducibility, scalability and size
control. They can be complex, but others, mainly millifluidic reactors, are more user-
friendly. However, even though flow systems address some limitations of current batch
reactor technology, theymay introduce other challenges that need to be resolved before
they become mainstream synthesis technology. Some of these originate from the fact
that even though high surface-to-volume ratios of micro- and millifluidic reactors is
advantageous in terms of mass and heat transfer, it may introduce reactor fouling.

In this chapter, we attempted to give an overview of the various challenges that
can be encountered in the development of continuous Au NP synthesis and gave
guidelines of how they can be addressed. Our suggestions are by no means complete.
The area is at an early stage ofmaturity andwill benefit by additional research to better
understand the various physicochemical phenomena involved in the synthesis, aswell
as comprehensively analyse reactor performance by modelling tools. By approaching
the process design in a multidisciplinary fashion, new tools and innovative solutions
can be devised. This is particularly so, because nanoparticle synthesis is complex,
requiring knowledge of synthetic/physical/analytical chemistry, physics, particle tech-
nology and chemical engineering. Such multidisciplinary research can expand the
range of solutions available. For example, the fouling issue can be tackled from an
engineering perspective through segmented flow or from a chemistry perspective by
changing the synthesis chemistry reactor wall properties.

It is worth mentioning that most studies on nanoparticle synthesis in microreactors
translated batch protocols to a flow process. This approach though overlooks the unique
advantages offered by microreactors, such as fast heating/cooling, high pressure opera-
tion, short reaction times, staged addition of reactants. Thus, there may be new oppor-
tunities, if the advantages offered by flow operation are considered from the beginning.

Contributions from reactor engineering, separation technology, process analytic
and control, chemical/systems engineering will be vital for the development of
robust, reliable, cost-effective manufacturing processes, with long operating times.
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Traditional chemical engineering can play an important role here. Furthermore, a
knowledge-based approach, relying on mechanistic and kinetic studies of reaction,
nucleation and growth can lead to the development of robust well-designed pro-
cesses. However, such a rigorous approach can be time consuming, so one must
consider an appropriate balance between rigour and practicality. Design of experi-
ments can play a role in this context and can aid in minimizing the effort invested in
and maximizing information obtained from experiments.

As the scale of production increases, process yield and product purity become as
important as size, shape, monodispersity. Efficient coupling of the synthesis with
downstream processing and purification, as well as with analytical systems for in-
line/online product characterization and process control will affect process economic
viability. Lessons can be learned from the various microfluidic systems that have been
usedwith in situ analysis, aiming to better understand the nanoparticlemechanism and
kinetics. The emergence of advanced software, machine learning and the industry 4.0
framework will allow high level of process automation. Notwithstanding that, manu-
facturing routes will need to be carefully selected based not only on the scalability and
production cost, but also on the particular properties required for the final application.
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5 Synthesis and characterization of size-controlled
atomically precise gold clusters

Abstract: In this article, synthetic strategies and characterization methodologies of
atomically precise gold clusters have been summarized. The typical and effective
synthetic strategies including a systematic “size-focusing” methodology has been
developed for attaining atomically precise gold clusters with size control. Another
universal synthetic methodology is ligand exchange-induced size/structure transfor-
mation (LEIST) based on from one stable size to another. These two methodologies
have largely expanded the “universe” of atomically precise gold clusters. Elite of
typical synthetic case studies of ligand protected gold clusters are presented.
Important characterization techniques of these atomically precise gold clusters also
are included. The identification and characterization of gold clusters have been
achieved in terms of nuclearity (size), molecular formulation, and geometrical struc-
tures by the combination of these techniques. The determination of gold cluster
structure based on single crystals is of paramount importance in understanding the
relationship of structure–property. The criterion and selection of these typical gold
clusters are all “strictly” atomically precise that all have been determined ubiqui-
tously by single crystal diffraction. These related crystallographic data are retrieved
from Cambridge Crystallographic Data Centre (CCDC) up to 30th November 2017.
Meanwhile, the cutting edge and other important characterization methodologies
including electron diffraction (ED), extended X-ray absorption fine structure
(EXFAS), and synchrotron sources are briefly reviewed. The new techniques hold
the promise of pushing the limits of crystallization of gold clusters. This article is not
just an exhaustive and up to date review, generally summarized synthetic strategies,
but also a practical guide regarding gold cluster synthesis. We called it a “Cookbook”
of ligand protected gold clusters, including synthetic recipes and characterization
details.
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Graphical Abstract:
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tion, phosphine, size-controlled synthesis, thiolate, “size-focusing” methodology

5.1 Introduction

The polydispersity of nanoparticles has long been a major phenomenon in
nanoscience research. To synthesize strictly uniform nanoparticles at the ultimate
atomic level, namely, atomically precise clusters, is of a great fundamental and
important issue in nanoscience that can be glimpsed at the atomic level [1, 2].
Metal clusters containing 10 to 300 atoms are of great scientific interest as the
nanomaterials with their dimensions and novel molecular properties evolving in
the cluster regime. They bridge the gap between discrete atoms and bulk metals [3].
They can serve as models for structure and bonding of cluster compounds. In
particular, atomically precise gold clusters have gained increasing attention due to
their stability as compared with other noble metal clusters and their remarkable
relativistic effect leading to the corresponding applications in a wide range of dis-
ciplines, including catalysis, biology, and sensors, a few to name [4–9]. In this article,
only atomically precise gold clusters, composed with a definite ligand shell forming
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molecules of definite composition, will be reviewed because structurally defined
molecular gold clusters offer nicemodels to establish the structure–property relation-
ship in the subnanometer regime.

One of the major goals in the cluster research is to investigate their unique
properties, which cannot see in both the bulk materials and small molecules. By
tailoring the size or shape of clusters, their physical and chemical properties exhibit
significant changes compared to bulk materials [1]. The stability of gold clusters in
electronic terms has been explained by the superatom model, which is based on the
“jellium” model of electrons confined within a spherically symmetric potential well
of the metal core. If the number of free electrons falls in the “magic” number series of
2, 8, 18, 20, 34, 58, . . ., the clusters show high stability. The size of the gold clusters is
largely affected by the surface ligands, thus, a major task is to find appropriate
ligands for stabilizing clusters and more importantly enabling controlled synthesis.

In terms of the controlled synthesis of atomically precise gold clusters, employing
phosphine ligands to protect gold clusters can be traced back to 1960s [10]. Further,
thiolate (-SR) and alkynyl ligands (-C ≡ CR) also are developed to afford the gold
clusters (formulated as Aun(PR3)m[11], Aun(SR)m[12], Aun(C ≡ CR)m [13], Figure 5.1].
These gold clusters can be determined via detailed mass spectrum analysis, and their
packing structure can be characterized by single crystal X-ray diffraction.

In this article, we only focused on the synthetic strategies and characterization
methodologies of atomically precise gold clusters. We called it a “Cookbook” of
ligand protected gold clusters, including synthetic recipes and characterization

phosphine

alkynylalkynylalkynylthiolatethiolate
Au NanoclusterAu Nanocluster

P

SH

phosphine

Figure 5.1: Three major ligands protected atomically precise gold clusters.
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details. The criterion and selection of the typical gold clusters in this article are all
“strictly” atomically precise that all have been characterized ubiquitously by single
crystal diffraction. These related crystallographic data are retrieved from Cambridge
Crystallographic Data Centre (CCDC) up to 30th November 2017. Meanwhile, the
cutting edge and important characterization methodologies including electron dif-
fraction (ED), extended X-ray absorption fine structure (EXFAS), and synchrotron
sources are briefly reviewed. The new techniques hold the promise of pushing the
limits of crystallization of gold clusters.Of note, all the Terms and Abbreviations
appear the first time in this chapter are also summarized and presented in Appendix
Table 5.2.

5.2 Preparation methods

5.2.1 Phosphine protected gold clusters

Phosphine-type ligands were firstly applied in 1960s to protect the gold core. The first
report of Au11(SCN)3(PPh3)7[14] cluster came in 1969. Then the following crystal struc-
ture of Au11I3[P(C6H4Cl)3]7 was reported in 1970 [15]. A conventional direct synthesis of
the phosphine-protected Au11 can be briefly described as following: HAuCl4 was
dissolved in ethanolic solution, and two equivalent phosphines were added to form
the monoatomic Au precursor AuIPPh3Cl (i. e., HAuCl4 + 2 PPh3 + H2O → AuIPPh3Cl +
O = PPh3 + 3 HCl). And then under suitable condition and reductant (e. g., NaBH4), a
part of AuI would be further reduced to Au0 species and Au11 cluster was finally formed
through nucleation. The Au11 cluster can be best described in terms of an incomplete
icosahedron, where the central gold atom Au is surrounded by additional ten Au
atoms[14]. Further, many other sized clusters have been reported, such as [Au6
(PPh3)6]

2+ [16, 17], [Au9(PR3)8]
3+ [18, 19], Au10Cl3(PCy2Ph)6

+[20], [Au13(dppmH)6]
+[21],

[Au14(PPh3)8]
4+[22] and [Au39(PPh3)14Cl6]

2+[23]. The [Au9(PR3)8]
3+ clusters exist an

incomplete icosahedron core. The Au10Cl3(PCy2Ph)6
+ shows a D3h symmetry. And the

Au13[11] has a perfect icosahedral structure.
In 1981, [Au55(PPh3)12]

6+ was founded by Schmid[24]. However, single crystal
studies and mass spectral characterization of the cluster have not been reported yet,
which makes the existence of Au55 controversial. Recently, Palmer et al. probed the
structure of Au55, using direct atomic imaging techniques [25] based on aberration-
corrected scanning transmission electron microscopy (STEM) combined with multi-
slice simulation of STEM images. Themost interesting aspect of clusters such as Au13 or
Au55 is the unique full shell structures which explain their stability. The expression
“full shell cluster” refers to a cluster composed of a central atom that is surrounded by
individual shells of atoms, eventually resulting in perfect geometry. The icosahedral
geometry is a perfect example of this kind. The general rule for construction of such
clusters is the number of atoms in the cluster = 1 + Σ(10 n2 + 2), where the summation
runs over all the shell numbers (n = 1, 2, . . . ) in the cluster. A schematic is given to
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understand the formation of such shells: initially a single atom is surrounded by
12 other atoms to form a 13 atom core−shell M13 cluster. Then, 42 atoms can be densely
packed on the surface of 12 atoms to produce a two-shell Mackay icosahedron M55

cluster; in a similar pattern, a shell of 92 atoms can form over the second shell to
generate a three-shell M147 cluster and this series may continue (Figure 5.2).

As the extension of monodentate phosphine to multidentate phosphine ligands, a
chiral [Au20(PR3)4]

4+ structure with tetradentate phosphine was reported. The Au20 is
consisting of an icosahedral Au13 motif (achiral) and a helical Y-shaped Au7 motif
(chiral) [26, 27], Figure 5.3, down panel. Next, Au22 cluster was protected by six
bidentate diphosphine ligands [1, 8-bis(diphenylphosphino)octane, dppo] was also

Au55

Au13

Au147

Au55

Au13

Au147

Figure 5.2: Schematic view of the growth of
shell structure of clusters through Fibonacci
Golden spiral line Law.

P

P
P

P

P
P

monodentate phosphine ligand

multidentate phosphine ligands

Figure 5.3: Gold cluster synthesis applied the extension of monodentate phosphine to multidentate
phosphine ligands.
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reported [28]. The Au22 cluster consists of two Au11 units clipped together by four
dppo ligands, with the remaining two ligands coordinating to the two Au11 units in a
bidentate manner (Figure 5.3, top panel).

The use of particular diphosphines results in the formation of different cluster
species due to the steric and chelation effects of diphosphines. Pettibone and coworkers
[29–31] revealed the mechanistic insights of size-selective growth of Aun clusters.
For example, in the reduction of Au(PPh3)Cl with BuNH2·BH3 in chloroform in the
presence of C3-bridged diphosphine 1,3-propanediylbis(diphenylphosphine) (dppp),
the predominant formation of Au11P10 cluster ([Au11(dppp)5]

3+ is detected. The simple
NaBH4 reduction of Au2(dppp)Cl2 in ethanol also gives the same Au11P10 cluster as the
main cluster product [32]. On the other hand, the reduction system [33] Au(PPh3)Cl/
BuNH2·BH3 coupled with non-phenyl type C3-bridged diphosphine ligand 1,3-bis
(diethylphosphino)propane (Et2P(CH2)3PEt2, depp) shows the preferential formation of
Au11P8Cl2 [Au11(depp)4Cl2]

+ with two side-products (i. e., [Au12(depp)4Cl3]
+ and [Au13

(depp)4Cl3]
+). Robinson et al. found that the (CH2)x spacer length of diphosphine ligand

affects the cluster size. For example, the above Au(PPh3)Cl/BuNH2·BH3 system coupled
with C5- 1,5-bis(diphenylphosphino)pentane (dpppe, Ph2P(CH2)5PPh2) or C6-bridged 1,6-
bis(diphenylphosphino)hexane (dpph, Ph2P(CH2)6PPh2) diphosphine gives [Au8
(dpppe)4]

2+ and [Au10(dpph)4]
2+ as the main cluster products. The NaBH4 reduction of

chlorogold(I) complex of C8-bridged diphosphine (dppo) affords a larger cluster Au22
(dppo)6[28].

Furthermore, the solvent effect also was observed. The use of C2-bridged 1,2-bis
(diphenylphosphino) ethane (dppp) for the NaBH4 reduction of chlorogold(I) com-
plex in ethanol results in the formation of [Au11(dppe)6]

3+. The same reduction system
[34] from the C3-bridged complex (Au2(dppp)2Cl2) in CH2Cl2/EtOH (50/50, v/v) affords
to higher nuclearity clusters [Au38(dppp)9Cl2]

4+. These results strongly imply that the
cluster growth processes are not only governed by the intrinsic stability of the gold
core but also notably affected by the steric and cheating effects of multidentate
ligands and reaction conditions.

5.2.2 Thiolate protected gold clusters

Gold−thiol chemistry started to bloom in the 1980s owing to research on self-
assembled monolayers (SAMs) of thiols on bulk gold surfaces [34]. Investigations of
thiolate-protected gold clusters synthesis experienced several stages, from polydis-
persed clusters to monodispersed ones and finally to atomically precise ones [35]. In
recent years, the research progress has evolved to large-scale and controlled synth-
esis strategy [1, 2]. Compared with phosphine ligands, thiolate ligands render highly
stable clusters, and thus are of wide interest. The extraordinary stability of thiolate-
protected gold clusters originates from the strong covalent bonding of Au-S com-
pared with the corresponding Au-P bond [1].
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In 1994, Brust [36] first reported the synthesis of less than 5 nm-sized alkane
thiolate-protected gold clusters by using NaBH4 as a reducing agent. Of note, these
clusters should exhibit intriguing properties due to quantum confinement effects.
The Brust method is a typical example of the “bottom-up” approach to obtain gold
clusters. Since then, the synthetic method of Brust has been refined and optimized
by numerous researchers. The typical procedure followed a two-phase synthetic
protocol in which water and an organic nonpolar solvent (e. g., toluene) were
utilized. The gold source HAuCl4 was first dissolved in an aqueous solution and
then transferred to the organic solvent using phase transfer reagents (e. g., tetra-
octylammonium bromide, TOABr). Finally, organic protecting ligands and reducing
agents were added to the organic phase to prepare gold clusters. The mechanism of
this method is illustrated as follows. Phase transfer of chloroauric acid to the
organic phase in the presence of the phase transfer reagents occurs through the
following equation:

H + AuCl4
− aqð Þ + Rð Þ4N + Br− tolueneð Þ ! Rð Þ4N + AuX4

− tolueneð Þ + HX aqð Þ
(5:1)

Then the reduction of Au(III) to Au(I) by thiol occurs via the following equation:

n Rð Þ4N + AuX4
− + 3nR1SH ! AuSRð Þn + nR1S − SR1 + n Rð Þ4N + X− + 3nHX

(5:2)

At this stage, it was believed that the toluene phase contains phase transfer reagents,
dialkyl sulfide, and Au(I)SR polymer, either mixed with excess RSH depending on the
ratio of the ingredients. In the final step, the reduction of Au+ to Au0 happens by
borohydride according to the following equation:

4 AuSRð Þn + x− yð ÞBH4
− ! 4 Aux SRð Þy + x− yð ÞB3+ + 4 AuSRð Þn− x + 4 RSHð Þx− y

(5:3)

The structure of gold clusters, depending on the ratio of Au, thiol, and sodium
borohydride. Impurities such as other clusters or some thiolates are also present in
the final product, which can be removed during the purification step.

In the one-phase Brust−Schiffrin method, a polar solvent (such as methanol and
tetrahydrofuran (THF)) was used as the solvent. Several modifications of this method
have appeared, mainly by controlling different parameters, such as temperature,
solvents, concentration of each reactant, reducing agents, to get highly thiolate
protected gold clusters.

Among the synthetic methods for atomically precise gold clusters, the recently
established “size-focusing” methodology has been demonstrated to be quite univer-
sal [37]. There are two primary steps for a “size-focusing” synthesis (Figure 5.4).
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In step 1, polydispersed gold clusters with a controlled size range are obtained by
turning the reaction conditions (e. g. the static and dynamic factors). Of note, the
concept of “size-focusing” by controlling the several reaction conditions to afford the
effective and high yield of thiolate protected gold nanoclusters was first proposed by
Jin and Zhu [1]. In step 2, these initially polydispersed gold clusters are focused into
the single-size product by aging/etching under a harsh environment. The foundation
of “size focusing” is based on the inherent stability difference of different-sized
clusters. When a punitive environment is applied to the mixture of clusters, only
the most robust species can survive via the size-focusing process. The other species
are either decomposed or converted to the most stable size [38]. The “survival of the
most robust” principle somewhat resembles nature’s law “survival of the fittest”.

With respect to the stability of magic-size clusters, there are generally arguments
invoking the geometric and electronic factors. For the geometric factor, certain
geometric core arrangements (e. g., icosahedron), as well as the arrangement of
surface thiolate ligands, impart particular stability to the overall cluster structure.
While for the electronic factor, those gold clusters with the number of Au 6s free
electrons satisfying electron-shell closing are regarded to be stable. Some gold
clusters may be viewed as superatoms, such as anionic [Au25(SR)18]

‒ in which the
number of Au 6s free electrons are counted as follows: 25 (the number of gold atoms)
−18 (the number of thiolate, each consumes 1e) + 1 (the anionic charge state) = 8e.

Size
Focusing

Size
Transformation

Aun(SR)m
e.g.

Au25

Au28 Au36 Au133

Au38 Au144

n=25 38 144

Figure 5.4: Size-focusing and exchange-induced size/structure transformation methdology for the
synthesis of thiolate protected gold clusters. (Adapted with permission from ref. 37. Copyright 2010.
American Chemical Society).
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Ligand-exchange-induced “size-conversion” method has been discovered [39,
40], which become another universal synthetic methodology for gold clusters. The
size-conversion method also called ligand exchange-induced size/structure trans-
formation (LEIST) methodology provides an opportunity to expand the size library
of gold clusters. It was found that the structure of the thiolate ligands plays an
important role in controlling the size and structure of gold clusters. A detail
example of the LEIST process of Au38(PET)24 (PET: phenylethanethiolate) to Au36
(TBBT)24 (TBBT: 4-tert-butylbenzenethiolate) was illustrated [39]. Starting with
molecularly pure Au38(PET)24, ligand-exchange reaction with a large excess of
TBBT under thermal conditions (∼80 °C) led to the production of Au36(TBBT)24
after 12 h under harsh reactions. The Au36(TBBT)24 yield was exceptionally high
(>90%), and the product was molecularly pure, as evidenced by the clean mass
spectrum and thermogravimetry analysis.

A few key conditions were found to affect the LEIST process: (i) the molar ratio of
incoming TBBT to the original PET on the Au38 cluster was kept very high (∼160:1),
much higher than in conventional ligand-exchange processes. (ii) Thermal condi-
tions were used to overcome the energy barrier between stable sizes. The discovery of
this elegant yet simple transformation chemistry greatly facilitated the crystallization
of the Au36 cluster. The Au36(TBBT)24 structure was indeed significantly different from
that of the starting biicosahedral Au38(PET)24 cluster, that is, the structural transfor-
mation occurred, even though their sizes differ by only two gold atoms. Next, Au25
(PET)18 and Au144(PET)60 can convert to Au28(TBBT)20 and Au133(TBBT)52 in the
presence of TBBT at 80 °C, respectively [40, 41].

Other methods for gold cluster synthesis including post-synthetic size separa-
tion, kinetic control, and size conversion. The Au15(SR)13, Au18(SR)14, Au40(SR)24,
Au55(SR)31, Au67(SR)35, Au130(SR)50, and Au187(SR)68 were obtained through post-
synthetic size separation step from a mixture of clusters [42–47]. The separation
methods such as high performance liquid chromatography (HPLC), solvent fractio-
nation, and polyacrylamide gel electrophoresis (PAGE) were successfully applied to
the separation of gold clusters. The separation is based primarily on the difference in
solubility, size, charge state, and other factors among the clusters.

5.2.3 Alkynyl protected gold clusters

In very recent years, the alkynes were explored as protecting ligands, which was
firstly reported by Tsukuda’s group [48]. Synthetic methods for the alkyne-capped
gold cluster are similar with the thiolate-ligated clusters. By the developing protocol,
several well-defined clusters, such as Au54(C ≡ CR)26[49], Au44(PA)28 and Au36(PA)24
[50] (PA: phenylacetylene), are discovered. Of note, the structures of Au44(PA)28 and
Au36(PA)24 are similar to these of Au44(SR)28 and Au36(SR)24, but the optical spectra
are different. Protecting ligands significantly influence the electronic structures of the
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clusters. The synthesis of these alkynyl-protected gold clusters indicates that a series
of clusters in the general formula Aun(RC ≡ C)m as counterparts to Aun(SR) m can be
expected. Of note, most alkynyl protected gold clusters are not homoleptic, which
remains to explore in the future. They are protected by mixed ligands, accompanied
with other ligands including phosphine and thiolate.

5.2.4 Selenolate protected gold clusters

Formation Au-Se bonds are similar to Au-S bond, hence the synthetic strategies can
be extended to selenolate protected gold clusters synthesis.

The Negishi group reported amethod for the direct synthesis of Au25(SeC8H17)18[51].
Zhu demonstrated ligand exchange of Au25(SR)18 with selenol and obtained Au25
(SePh)18 and Au18(SePh)14 [52]. The X-ray structure of Au25(SePh)18 shares the same
framework as its thiolate counterpart [53]. The structure of a Au24(SePh)20 nanocluster
has been reported to consist of a prolate Au8 kernel [54]. This kernel can be viewed as
two Au4 tetrahedra cross-joined together that are then protected by two trimeric staple-
like motifs as well as two pentameric staple motifs. It is interesting to compare the
structure of Au24(SePh)20 with that of its thiolate counterpart, Au24(SCH2Ph-

tBu)20. The
latter structure contains a different Au8 kernel and, accordingly, different surface
motifs. The difference is caused by ligand anchoring atom (Se versus S). In a theoretical
work on Au24(SePh)20, Takagi [55] pointed out that the Au8 kernel coordinates with the
selenolate staple motifs more strongly than with the thiolate staples and that the
aurophilic interactions between the staples themselves and between the Au8 core and
the staples play an important role in stabilizing the cluster. Negishi [56] reported the
isolation selenolate-protected Au38 clusters Au38(SeC12H25)24 through ligand exchange
of thiolate protected gold nanoclusters Au38(SC2H4Ph)24 with didodecyldiselenide
(C12H25Se)2.The electronic and geometrical structures, bonding characteristics, of Au38
(SeC12H25)24 clusters were assessed using extended X-ray fine structure and X-ray
absorption (EXFAS) near edge structure measurements. Negishi compares [57] the
stability of precisely synthesized [Au25(SC8H17)18]

- and [Au25(SeC8H17)18]
-against degra-

dation in solution, thermal dissolution, and laser fragmentation. The results demon-
strate that changing the ligand from thiolate to selenolate increases cluster stability in
reactions involving dissociation of the gold−ligand bond but reduces cluster stability in
reactions involving intramolecular dissociation of the ligand. These results reveal that
using selenolate ligands makes it possible to produce gold clusters that are more stable
against degradation in solution than thiolate-protected gold nanoclusters.

5.2.5 Mixed ligands protected gold clusters

Apart from the homoleptic ligand protected gold nanoclusters discussed above, there
also exist many mixed ligands protected gold nanoclusters. While these mixed
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ligands are the combination of phosphine, thiolate, selenolate, alkynyl, and even
single sulfur (sulfide) or single selenium (selenide).

Jin [58] reported the direct synthesis of [Au24(PPh3)10(SC2H4Ph)5X2]
+ through the

NaBH4 reduction of HAuCl4 based on the Brust’s two-phasemethodwith the stepwise
addition of mixed ligands of phosphine and thiolate. Mixed ligands protected gold
nanoclusters can also be obtained through partial ligand exchange employing homo-
leptic ligand protected gold nanoclusters as precursor. By this strategy, the reaction
[59] of [Au9(PPh3)8]

3+ with 4-pyridinethiol in alkaline methanol results in the forma-
tion of mixed phosphine and thiolate protected gold nanoclusters Au11(PPh3)7
(4-pyS)3. Shichibu [60] reported the synthesis of [Au25(PPh3)10(SEt)5Cl2]

2+ by the
reaction of [Au11(PPh3)8Cl2]Cl and ethanethiol. With phenylethanethiol, Jin [61] also
obtained [Au25(PPh3)10(SC2H4Ph)5Cl2]

2+ by a direct route, namely, the reaction of
HSC2H4Ph with polydisperse PPh3-capped Au nanoparticles (as opposed to Au11
clusters), and the structure was found to the same as that of the ethanethiolate
counterpart. Linear growth of three icosahedral units was achieved, giving rise to
Au37 triicosahedral rod structure. The [Au37(PPh3)10(SC2H4Ph)10X2]

+ (where X = Cl/Br,)
nanocluster was achieved by a kinetically controlled approach[62]. The successful
synthesis of this new nanocluster allows one to gain insight into the size, structure,
and property evolution of gold nanoclusters from the monoicosahedral
[Au13(PPh3)10X2]

3+ to the biicosahedral [Au25(PPh3)10(SR)5X2]
2+ and the triicosahe-

dral [Au37(PPh3)10(SC2H4Ph)10X2]
+. This growth is reminiscent of the “cluster of

clusters” reported previously by Teo [63]. Its HOMO (Highest Occupied Molecular
Orbital)−LUMO (Lowest Unoccupied Molecular Orbital) gap systematically shrinks
with increasing size. The possibility of achieving even longer rod nanoclusters
based on the assembly of icosahedral building blocks remains to be seen. For
mixed phosphine and selenolate protected gold nanoclusters synthesis. Zhu[64]
report a highly stable gold nanocluster co-protected by the selenophenol and 1,5-
bis(diphenylphosphino)pentane (L5 for short) ligands, formulated as [Au11(L

5)4
(SePh)2]

+.They systematically investigated the stability of the [Au11(L
5)4(SePh)2]

+.
The results show that it is significantly more stable than both Au11(PPh3)7

3+ and
[Au11(PPh3)8Cl2]

+. For mixed phosphine and alkynyl protected gold nanoclusters
synthesis. Wang crystallized three mixed phosphine and alkynyl protected gold
nanoclusters [Au19L9(PPR)3]

2+, [Au23L9(PR)6]
2+, and [Au24L14(PR)4]

2+ (where L
represents PhC ≡ C-).The Au19 structure contains a Au13 icosahedral kernel, which
is further protected by three V-shaped PhC ≡ C-Au-C ≡ C(Ph)-Au-C ≡ CPh motifs
(Au2L3) [65]. This motif resembles the RS-Au-SR-Au-SR dimeric staples. Theoretical
analysis revealed that the PhC ≡ C-groups participate in the frontier orbitals of the
cluster. The Au19 is an 8e cluster assuming that each alkynide ligand localizes one
electron, as does the thiolate ligand, while the phoshpine ligand does not. But the
Au23 cluster contains 12e and contains a Au17 kernel protected by three Au2L3
dimeric staples and six PPh3 ligands [66]. Regarding the Au24 cluster, its Au22
rod-like kernel is constructed by the sharing of a common square face of two Au13
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cuboctahedra and is then protected by two PhC ≡ C-Au-C ≡ CPh staples and other
units [67]. The observation of some common sizes between alkynide and thiolate
ligand systems is interesting.

Besides, organic ligands, there also existed a special types of atoms including
single sulfur (sulfide) or single selenium (selenide), that can serve as special coordi-
nation atom regarding the ligands protected gold nanoclusters synthesis. For mix
phosphine sulfide ligands protected gold nanoclusters, Antonio Laguna [68] first
reported the treatment of [Au2Cl2(μ-dppf)] (dppf = 1,1-bis(diphenylphosphino)ferro-
cene) with Li2S (molar ratio 1:1) in ethanol gives a yellow solid [S(Au2dppf)] and
further determinated its corresponding crystal structure. Thus single sulfur atom can
also be incorporated in gold nanoclusters as special ligand. Furthermore, the
addition AuPR3

+ fragments stepwise to the dinuclear gold cluster [S(AuPR3)2] form
the cationic gold nanoclusters [69] [S(AuPR3)3]

+, [S(AuPR3)4]
2+, [S(AuPR3)5]

3+ and
[S(AuPR3)6]

4+. V. W.-W. Yam [70] reported the reaction of H2S with a suspension of
[Au2{Ph2PN(p-CH3C6H4)PPh2}Cl2] in ethanol/pyridine and recrystallization from acet-
one/dichloromethane/diethyl ether yielded [Au6{μ-Ph2PN(p-CH3C6H4)PPh2}3(μ3-S)2]2+.
They also synthesized macrocyclic μ3-sulfido gold nanoclusters [Au18(μ-dpepp)6
(μ3-S)6]6+ [dpepp = bis(2-diphenylphosphinoethyl)phenylphosphine][71] with
unprecedented luminescent and [Au10{Ph2PN(CnH2n+1)PPh2}4(μ3-S)4] [72]. Schnepf [73]
reported the synthesis of Au108S24(PPh3)16 while the sulfide atoms originated from H-SC
(SiMe3) ligand by the S-C bond break.

For mix thiolate sulfide ligands protected gold nanoclusters, Hakkinen [74] first
reported the synthesis of Au30S(S-t-Bu)18 without extra S

2- addition. Such sulfide atoms
originated from tert-butanethiol ligand by the S-C bond break. Recently, they [75]
reported the reducing (Ph3P)AuSC(SiMe3)3 with L-Selectrides gives the medium-sized
metalloid gold cluster Au70S20(PPh3)12. Similarly, Zhu [76] also synthesized [Au60Se2
(PR3)10(SeR)15]

+ and solved its structure. Interestingly, this cluster contains five icosa-
hedral Au13 building blocks, forming a closed ringwithAu-Se-Au linkages. Two bare Se
atoms are located in the center and stabilize the cluster through Se-(Au)5 pentacoordi-
nate bonding.While the selenide atoms originated fromPhSeH ligand by the Se-C bond
break. It remains to explore further the similarities and differences in gold nanocluster
sizes between different ligand systems in future work.

5.3 Characterization methodologies and instrumentation
techniques

The development of atomically precise gold cluster synthesis into a predictable and
reproducible discipline requires a more detailed understanding and control of the
atomic structures of the metallic cores and spectroscopic and analytical techniques,
which lead to identification and location of ligands on clusters surface. The char-
acterization of these gold clusters with precise number of atoms has been one of the
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prime interests of materials chemists. The size, composition, and structure are the
three essential aspects of gold clusters. The rapid development of gold clusters in
recent years can be partly attributed to thewell-developed analytic techniques. It is of
the utmost importance for understanding the fundamental science of clusters [1, 2].
For molecularly pure clusters, numerous well established characterization tools for
the traditional molecular chemistry can be employed and provide in-depth charac-
terization of these gold clusters. Identification and characterization of gold clusters
have been achieved in terms of nuclearity (size), molecular formulae, and geome-
trical structures by various analytical techniques.

The mass spectrometry (e. g., electrospray ionization (ESI) and matrix-assisted
laser desorption ionization (MALDI) mass spectrometry) can unambiguously deter-
mine themolecular weight of gold clusters. Single-crystal X-ray crystallography gives
the total structure of gold clusters, nuclear magnetic resonance (NMR) spectroscopy
probes organic ligand environment, and so forth. These molecular characterization
tools lead to a fundamental understanding of the physical and chemical properties of
these atomically precise gold clusters.

5.3.1 Mass spectrometry

Emergence of mass spectrometry as a principal tool of characterization of gold
clusters is largely due to the versatility of soft ionization tools, e. g. electrospray
ionization and matrix-assisted laser desorption ionization. Mass resolution has also
changed tremendously in recent years with new instrumentation touching numbers
of the order of 50,000 (m/Δm). This makes it possible to assign mass peaks to unique
products in view of the specific isotope patterns of various entities. Mass spectro-
metry has been used as a key tool to monitor the formation and reactions of gold
clusters. Especially, mass spectrometry coupled with soft-ionization techniques
(e. g., electrospray ionization, fast atom bombardment ionization) are found to be
powerful tools to obtain direct information about the cluster mass of clusters.

Laser irradiation in TOF-MS (LDI) can efficiently cleave the S–C and Au–S bonds,
or even cause loss of gold atoms. Hence the observedmass peak, especially before the
purification procedure, may be a result of fragmentation/recombination in the gas
phase, and the consequences sometimes strongly depend on the measurement con-
ditions(e. g., voltage). It is not a perfect mode to determine the intact gold clusters
mass and to further deduce the formula. For example, a fragment corresponding to a
loss of Au4(PET)4 appeared in positive mode using trans-2-[3-(4-tert-butylphenyl) −2-
methyl-2-propenylidene]malononitrile (abbreviated as DCTB) as matrix in the case of
Au25(PET)18 (Figure 5.5) [78, 79]. The crystal structure of [Au25(PET)18]

‒ did not show
Au4(PET)4 as a prominent feature[79].

Compared with laser desorption ionization(LDI) and MALDI method, ESI
mass spectrometry is a much softer ionization technique and does not induce
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fragmentation/recombination during the analysis. It allows for the determina-
tion of the intact gold clusters mass and the exact cluster composition. Negishi
[80] reassigned the Au25(SG)18 in 2005; no fragments were found in the ESI-MS
analysis. It can be noticed that ESI-MS in the negative mode shows a single
peak corresponding to [Au25(SC6H13)18]

‒, and interestingly, the positive mode
also shows the cluster with the counterion, TOA+.

IM-MS is ideal for studying fragments generated from gold clusters, because of
the signal-to-noise enhancement and structural characterization capability.
Harkness [81] has reported the application of combined ion mobility–mass spectro-
metry (IM-MS) to the analysis of Au clusters. In the negative ion mode, these
fragments correlate to the capping structural motifs. In the positive ion mode, the
fragment ions are nearly identical to the positive ions generated from the gold-
thiolate precursor complexes. This suggests that energetic processes during laser
desorption/ionization induce a structural rearrangement in the capping gold-thio-
late structure of the gold clusters. This result in the generation of positively charged
clusters and complexes were similar to the precursors of Au cluster formation by
reduction and negatively charged complexes. They are more representative of the
cluster surface.

Tandem mass spectrometry or MS/MS is the best analytical technique for under-
standing the fragmentation pattern of ions. Although this technique has been used
for a variety of biological samples, e. g. proteins of similar masses, it has not been
explored much in the context of gold clusters. Fields-Zinna et al. [82] performed the
tandem mass spectrometric analysis of Au25(SR)18 cluster. They conducted the low
energy collisioninduced dissociation tandem mass spectrometry (CID MS/MS) study
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Figure 5.5: Positive MALDI-TOF-MS spectrum of Au25(PET)18 with DCTB matrix. (Adapted with
permission from ref. 57. Copyright 2008. American Chemical Society).
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of mixed ligand PET and methoxy penta(ethylene glycol) thiolate (SPEG) protected
Au25 clusters. The spectrum showed the generation of lower m/z fragment ions
derived from [Na4Au25(PET)8(SPEG)10]

3+ (m/z 2929). Several fragments of the type
(AuL2, Au2L3, etc.) were observed along with the Au4L4 fragment, which confirmed
the occurrence of the semi ring rearrangements on the surface of the gold clusters.
Analogous fragments have also been observed for bigger clusters, such as Au38(SR)24,
Au144(SR)60, etc., indicative of a similar surface structure[83].

5.3.2 UV-Visible absorption spectrometry

Gold clusters were believed to have discrete energy levels (asopposed to continuous
band in the metallic state). Usual characteristic of Au clusters is an exhibition of
prominent quantum confinement. Therefore, optical spectroscopy is a useful tool to
identify Au clusters, serving as the “fingerprint”. The UV-vis property of the clusters
appears step-like features; there may not be distinct steps all the time. It is due to a
molecule-like HOMO−LUMO transition and the absence of the plasmon resonance.
Conversion of the electronic band structure to distinct energy levels leads to well-
defined optical bands. Based on the size-sensitive optical characteristics of Au
clusters, the spectral features in the sub-nanometer regime are unique to individual
clusters and are sensitive to the structures/nucleation as well. Thus it is possible to
identify unknown species based on the spectral pattern comparison of structurally
identified authentic samples. Further, since the spectral profiles are closely corre-
lated with the electronic structures, they are useful to understand the geometry- or
nucleation (size)-dependent profiles of atomically precise.

For example, the Au25 clusters [84, 85] show distinct absorption bands at 1.8, 2.75,
and 3.1 eV. Multiple molecular-like transitions in the absorption spectrum can be
ascribed to the strong quantum size effects of Au25 clusters, which are different from
the surface plasmon resonance at ca. 2.4 eV for large gold nanoparticles (3–30 nm). The
relationship between structure and optical properties of Au25(SH)18 clusters was stu-
died by performing time-dependent density functional theory (TD-DFT) calculations
[86]. The multiple absorptions can be attributed to the intraband (sp) HOMO→LUMO
transmission, interband transition (d→sp), mixed sp→sp intraband, and d→sp inter-
band transitions. Devadas et al. [87] have explored temperature dependent optical
measurements of Au38(SR)24 clusters. Intriguely, the peak maximum at 1.81 eV is
shifted to 1.90 eV when the temperature decreases from 323 to 78 K. A new vibronic
feature is also noticeable. The single peak at 1.81 eV (at 323 K), corresponding to the
HOMO−LUMO transition for the Au38(SR)24 cluster, resolves into two peaks with max-
ima at ∼1.67 and ∼1.90 eV at lower temperatures (Figure 5.6). Three main points could
be confirmed from this study: (i) the absorption maxima shifted to higher energies, (ii)
the absorption feature became sharper and new peaks emerged, and (iii) the oscillator
strength increased significantly with a decrease in temperature. Experimental results
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fitted with models suggested that the gold clusters had significantly larger phonon
energy due to the semi-ring gold, one of the structural units of the cluster.

5.3.3 X-ray single crystal diffraction

There are a number of reports of atomically precise gold clusters confirmed by mass
spectrometry and other characterization techniques. Some of them are available with
single crystal structure. Single-crystal X-ray crystallography is still the most defini-
tive and reliable technique to elucidate the geometrical structures, but it is restricted
to the clusters that give high-quality crystals suitable for the structure determination.
Unlike inorganic clusters, obtaining a single crystal structure of Au clusters is some-
what difficult primarily due to stability and sensitivity issues. The crystallization
methodology and solvents also play important roles in forming diffractable crystals.
For most cases, the vapor diffusion method works well, but concentrated cluster
solutions are required for this case and the clusters must be highly pure.

The first total structure determination of thiolate protected Au102(p-MBA)44 cluster
[12] was achieved by the conventional single-crystal the X-ray crystallography
(Figure 5.7). Structure of gold clusters plays a decisive role in determining their unique
properties. A precise knowledge of the cluster atomic is important in order to fully
understand their physical and chemical properties. Based upon the crystal structures,
the relationship between the structure and the electronic, optical, and catalytic proper-
ties as well as the size-dependent evolution can be ultimately understood. In general,
the single crystal data suggests that most of Au clusters have a core−shell structure.
The core is composed of 15, 13, 20, 28, 23, and 79 atoms for Au23, Au25, Au28, Au36, Au38,
and Au102, respectively. In each case, the core is surrounded by a shell, which is
composed of two types of staple motifs: Au(SR)2 and Au2(SR)3. In smaller clusters
such as Au25(SR)18, the latter one is predominant, but in larger clusters, e. g. Au102
(SR)44, the Au(SR)2 motif dominates. In a few cases (e. g., Au23 and Au28 clusters)
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Figure 5.6: Optical absorption spectra of Au38
(PET)24 clusters at different temperatures.
(Adapted with permission from ref. 66. Copyright
2011. American Chemical Society).
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bridging −SR motifs are also present in their structure. Typically, the Au−Au bond
distance average varies between 2.95 and 3.0 Å in these clusters. These structural
illustrations help us to understand gold clusters in a much deeper way.

Low temperature techniques, narrower beams and synchrotron sources have all
contributed to a situation where smaller crystals have becomemore amenable to X-ray
structural techniques, which provide unambiguous structural information on the
metal cores and the mode of attachment of the ligands on their surface. This detailed
structural information has proved invaluable for providing background knowledge
about the structures of gold clusters. The typical crystal structures of several large gold
clusters have been crystallographically determined including [Au25(SR)18]

q (q = 1, 0),
Au28(SR)20, Au36(SR)24, Au38(SR)24 and Au102(SR)44. These clusters have provided
excellent models that produced in non-aqueous solvents in the presence of thiolate
ligands. These structural determinations have established that the metal core geome-
tries do not necessarily adopt the face-centred cubic (fcc) packing arrangement
observed in bulk gold and alternative structures based on polyhedra with fivefold
symmetry are also observed. They have indicated that these large cluster species do not
necessarily adopt “full-shell magic number” close packed arrangements with 13, 55,
147, 309 and 561 metal atoms. Their cores exhibited unique molecule-like atomic
structures. For instance, Au25 has a centered icosahedral Au13 core capped by an
exterior shell composed of the remaining 12 Au atoms in the form of six –RS–Au–
RS–Au–RS– motifs. Furthermore, the structures have revealed that the surfaces of
thiolate protected gold clustersmay not necessarily involve simplemetal-ligand bonds
but metallo-thiolate fragments. These structures and bonding models have been
developed to rationalize the structures. The steric requirements of the ligands are

Figure 5.7: X-ray crystal structure determination of the Au102(p-MBA)44 cluster. Electron density map
(redmesh) and atomic structure. (Adapted with permission from ref. 12. Copyright 2007. Science
Publishing Group).
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also important in determining the nucleation of the clusters and the geometry of the
metal cores. These effectswere recognized for phosphine-protected gold clusters, and a
“cluster cone angle” was defined which was analogous to the Tolman cone angle for
mononuclear co-ordination and organometallic compounds.

5.3.4 Electron diffraction

Besides the single-crystal X-ray crystallography (SXRD), electron diffraction also has
been employed in determining the structures of gold clusters. This technique opens
up another way to examine the structures of clusters as structure determination
through SXRD has not been an easy task so far. Electron microscopy tomography
requires a series of images for many different specimen orientations and is most
effective for larger gold clusters which are not modified greatly by the electron beam.
Aberration-corrected scanning transmission electronmicroscopy coupledwith image
simulation has been used to study smaller gold clusters. The rapid development of
technologies and physics of aberration-corrected electron microscopy (AC-TEM and
AC-STEM) has resulted from improvements in physical toolkits for the conversion of
single-shot images into 3D representations by combining them with image simula-
tion techniques (Figure 5.8)[88].

5.3.5 Nuclear magnetic resonance

Nuclear magnetic resonance spectroscopy is a powerful analytical tool to examine the
environment of protecting ligands on the cluster surface. 1H, 13C, and 31P NMR spectra
are useful to investigate the dynamics of the coordinated ligands on the gold clusters
but are not suitable to obtain definitive cluster structures. NMR can also be employed
for the charge state detection of these Au clusters, and it has also been used to
investigate their structural stability. Solution and solid-state NMR were used to study
the structures of clusters with 4–13 metal atoms. NMR studies on phosphine-protected

Figure 5.8: Three-dimensional reconstruction of Au68 structure from electron micrographs. (Adapted
with permission from ref. 67. Copyright 2008. Nature Publishing Group).
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clusters are structurally informative since their 31P/1H nuclei have the appropriate
abundance and sensitivity to provide good high-resolution spectra. However, many
of the larger gold nanoclusters have stereochemically non-rigid skeletal geometry in
solution (even at low temperatures), and the consequently structural information was
not as helpful as originally anticipated.While 31P/1HNMRproved to bemore helpful for
studying clusters in the solid state, where their stereochemical rigidity provides more
structural information. Since the majority of stabilizing ligands used in gold cluster
synthesis is organically based, 1H NMR is very useful for confirming the presence of
these ligands on the surface of clusters. However, the technique does not provide direct
information regarding the ratio of ligands to the number of gold atoms in the core and
even the size of the cluster.

NMR also can be used as an analytical tool to estimate the size of thiolate-
protected gold clusters in solution. For example, by using diffusion-ordered NMR
spectroscopy (DOSY), Salorinne et al. [89] successfully estimated the size of Au25,
Au38 and Au144 clusters by determining the diffusion coefficient and hydrodynamic
radius from solution samples. The determined cluster sizes agree well with the dia-
meters from the measurements of the corresponding single-crystal or theoretical
structures reported previously. Based on the different chemical shifts of free ligands
and metal core-bound ligands, NMR can be used to probe the protecting ligands
surround the metal core and check the purity of the synthesized clusters. Previous
studies showed that substantial spectral broadening occurred when protecting ligands
were bound onto the cluster surface. The spectral broadening was attributed to the
following several factors. First, the solid-like structure at the ligand–core interface
results in rapid spin relaxation from dipolar interactions. Second, different cluster
surface sites for ligand binding may also cause a distribution of the chemical shifts.
Third, metal core size dispersity will lead to the spin–spin relaxation broadening. For
instance, in the 13C NMR spectrum of octanethiolate protected gold clusters, the
resonances from Cα and Cβ closest to the gold cores are broadened into the baseline,
indicating that the synthesized clusters were highly pure without the presence of free
ligands and other organic byproducts [90]. Parker[91] has shown electron self-
exchange dynamics of nanoparticle-coupled [Au25(PET)18]

0/1− byNMR line broadening.
Further, this technique has also been extended to probe the chirality of gold

clusters. Recently, the Au38(PET)24 and Au25(PET)18 was analyzed by 1H NMR [92]. For
Au38(SR)24 clusters, distinct NMR signals for each proton in both α and β-CH2 groups
of the ligands were observed. Especially for the α-CH2, there is 0.8 ppm difference in
chemical shift for each germinal proton, which could be ascribed to the chirality of
the Au38 clusters. However, no chemical shift difference was observed for the two
protons in –CH2 groups in the case of the Au25(SR)18, strongly suggesting the Au25
clusters were achiral. This typical study demonstrates that NMR spectroscopy is a
useful tool for studying the chirality of clusters.

NMR spectroscopy could also be used to identify the reaction precursors of gold
clusters. By using 1HNMR spectroscopy, Goulet[93] and Li [94] found that Au(I) thiolate
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[AuSR]n was not a measurable (1H NMR) precursor in the typical Brust–Schiffrin
reaction, which was contrary to the assumptions of previous reports. It can be con-
cluded from NMR studies that Au(I)–and Au(III)–tetraalkylammonium complexes
are the relevant Au species in the reaction solution prior to reduction with NaBH4.
From the crystal structure analysis, it has been observed that Au25(SR)18 cluster has
Au@Au12@Au12 type structure, where the first shell (shell 1) surrounds the central Au
atom to form an Au13 kernel that is further encapsulated by another shell (shell 2)
of Au12 atoms. In this cluster, two types of thiolate binding modes were identified: (I)
12-SR ligands which join the Au shells 1 and 2; (II) 6-SR ligands located on the Au12
shell 2. To determine which of these thiolate binding modes is more stable, Jin’s group
[95] performed anNMR study focusing on the oxidation resistance and thermal stability
of the Au−S bond. In this experiment, Au25(SG)18 was systematically oxidized using
Ce(SO4)2 and a time dependent NMRwas measured. Assignments of all the peaks have
been mentioned in another report [96]. Protons attached with C7 atom of the ligand
split into two parts (because of chirality) to form a doublet at 3.6 and 3.8 ppm
corresponding to α-H of thiolate binding mode I and another doublet at 3.3 and
3.4 ppm corresponding to α-of thiolate binding mode II. The ratio of mode I to mode
II is 2:1. Upon addition of Ce(SO4)2, the doublet at 3.3/3.4 ppmwas broadened and was
almost lost after 6 h, which suggests that bindingmode II is comparatively weak and is
attacked first by the oxidant. In contrast, the doublet at 3.6/3.8 ppm remained unaf-
fected even after 5 days, from which it can be concluded that the binding mode I is
much stronger than binding mode II. Thus, with an NMR study, one can correlate the
structural stability in terms of Au−S bond strength under an oxidative atmosphere.
The effect of charge state on NMR of Au25(SR)18 cluster has been demonstrated by
Venzo[97]. 31P NMR is also very useful in structural analysis of phosphine-protected
clusters. Clayden [98] has shown the importance of high resolution solid and solution
state 31P NMR to understand the dynamics of phosphine-protected gold clusters.

5.3.6 X-Ray photoelectron spectroscopy

From X-Ray photoelectron spectroscopy (XPS) measurements, the surface chemistry
of Au clusters can also be studied. For thiolate protected clusters, in [Au25(PET)18]
gold nanocluster[64], the binding energy of S 2p3/2 compares very well with the
typical value of chemisorbed S species (162.7 eV), one can infer that the Au–S
bonds were formed in the synthesis of thiolate protected gold clusters. Tanaka [99]
studied the Au binding energy of dodecanethiolate-passivated Au clusters. They
found that Au 4f7/2 peaks actually consist of two components, originating from the
inner Au atoms and the surface Au atoms bonded with dodecanethiolate ligands. It
was found that the binding energy of the surface Au components is higher than that
of the corresponding inner components and the binding energies increase with the
cluster diameter decreasing. These results clearly indicate that XPS measurements
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can provide valuable information about the band structure of clusters and the surface
interaction between the metal core and capping ligands.

5.3.7 Extended X-ray absorption fine structure

Structurally characterized gold clusters have enabled atomic site-specific analysis of
local structure and electronic character by X-ray absorption spectroscopy (XAS).
EXAFS has been used recently to study the cluster nucleation process when solutions
of HAuCl4 are reduced [100]. An example of the power of EXAFS was shown by
Yamazoe [101], where hierarchy in the bond stiffness in clusters such as Au25
(PET)18, Au38(PET)24, and Au144(PET)60 has been measured successfully. They
found that the Au−Au bonds have different stiffnesses depending on their lengths.
Structurally characterized clusters have enabled atomic site-specific analysis of local
structure and electronic character by XAS. Unlike optical absorption spectroscopy,
which probes electronic transitions in valence orbitals, XAS involves electronic
transitions from the core level to unoccupied valence states. The core-level energies
are highly element-specific, and thus, XAS enables element-specific analysis of
electronic properties of the absorbing atom in the near-edge region (i. e., X-ray
absorption near-edge structure, XANES). For example, holes in the d state can be
determined bymonitoring the intensity of the first spectral feature (historically called
the “white line”) in XANES spectra. Accurate information on the local structure of the
X-ray-absorbing atom (e. g., bond length, coordination number) can be obtained
from extended X-ray absorption fine structure (EXAFS) signals by fitting the EXAFS
spectrum. Zhang et al. [102] carried out a series of works using the XANES and EXAFS
techniques, including studies of the effects of solvation and the temperature depen-
dence of gold clusters.

Tsukuda [101] recently investigated bond stiffness in Au25(SR)18, Au38(SR)24, and
Au144(SR)60 by EXAFS spectroscopy and revealed the following hierarchy
(Figure 5.9). Long Au-Au bonds (those at the icosahedron-based gold core surface)
are more flexible than those in the bulk metal. In contrast, short Au-Au bonds (in the
radial direction of the core) are stiffer than those in the bulk metal and form a cyclic
structural backbone with rigid Au-SR oligomeric staple motifs. Wei [103] reported an
icosahedral-to-cuboctahedral structural transformation of Au clusters driven by a
changing chemical environment. Specifically, for the icosahedral Au13 clusters pro-
tected by binary ligands (dodecanethiolate and triphenylphosphine), a solvent
change from ethanol to hexane caused the rapid selective desorption of the thiolates
and then the conversion of the to a cuboctahedral structure. Jiang [104] also inves-
tigated the critical role of the solvent in the controlled synthesis of gold−thiolate
clusters using XAS. They found that increasing the solvent polarity leads to higher
thiol coverage on the cluster surface and, accordingly, retards the growth of the
particles. XAS techniques are advantageous for probing the structures of gold
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clusters, in particular the solution-phase or oxide-supported clusters used in cata-
lysis research, as well as the growth process under physical or chemical influences.

5.3.8 Powder X-ray diffraction spectroscopy

PXRD is usually used to analyze the solid state, crystal structures and evaluate the
crystal size of nanomaterials. However the size of nanocrystal is less than 1 nm, the
appreciable broadening of diffraction peaks into the baseline always occurs, which
makes it not easy to get XRD information for gold nanoclusters. Jin [105] studied
crystal structures of gold nanoparticles with different core sizes through XRD mea-
surements. Glutathione (denoted as SG) capped Au25(SG)18 (~1.0 nm in diameter), 2.0
and 4.0 nm nanoparticles were compared. For 4.0 nm glutathione protected gold
nanoparticles show a well-defined diffraction pattern with four distinct diffraction
peaks at 38.51, 44.61, 64.81, and 77.81, corresponding to (111), (200), (220) and (311) of
the Au face-centered cubic (fcc) crystal structure, respectively. With the nanoparticle
size decreased to 2.0 nm, a broad diffraction peak at 38.51 and three weak peaks at
around 44, 65 and 781 can be observed. The weak diffraction peaks indicate that the
2.0 nm glutathione protected gold nanoparticles still adopt the fcc structure, except
that the (200) peak is almost merged into the broad (111) peak. However, in the PXRD
pattern of Au25(SG)18 nanoclusters there are two very broad diffraction peaks centered
at around 37.5 and 66.5, indicating the non-fcc crystal structure of the Au25 clusters.
The result is in accordance with their previous study, in which the Au25(SG)18
nanocluster was proposed to be a Au13(icosahedron)/Au12 core–shell structure with
a D2h symmetry. On the basis of the XRD data and Debye–Scherrer equation, the
calculated particle sizes are 0.74, 1.5, and 3.97 nm, which agree well with the sizes of
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Figure 5.9: FT-EXAFS of Au25 cluster. (Adapted with permission from ref. 81. Copyright 2014. American
Chemical Society).
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Au25(SG)18 nanoclusters, 2.0 nm and 4.0 nm, respectively, determined by transmis-
sion electron microscope (TEM) measurements.

5.4 Typical synthetic case studies

This article is mainly focused on practical aspects of gold clusters synthesis, and the
synthetic strategy was well summarized in Section 5.3. In this section, we discuss the
synthetic details and recipes of the atomically-precise gold clusters with ubiquitous
structures determined by single crystal diffraction. Under such strict criterion, some
gold nanoclusters discussed regarding synthetic strategy in Section 5.3 or concerning
characterization techniques in Section 5.4 may not appear in this section. This is not
lack of links between each section, actully we selected typical but as less as possible
ligand protected gold nanoclusters examples to give the readers a comprehensive
perspective about this research filed. The crystallographic data were retrieved from
Cambridge Crystallographic Data Centre (CCDC) up to 30th November 2017.A sum-
mary of typical synthetic protocols of ligand protected atomically-precise gold clus-
ters determined by single crystal diffraction so far are also presented in Appendix
Table 5.1.

The synthesis of Au4(μ-I)2(PPh3)4 cluster[106]
Au4(μ-I)2(PPh3)4 was prepared by reaction of Au9(PPh3)8(NO3)3 and KI in acetone in a
molar ratio of 1: 4. After ca. 30 min, a pale yellow precipitate was obtained. The
crystals were recrystallized from CHCl3-acetone.

The synthesis of [Au5(dppmH)3(dppm)](NO3)2 cluster[107]
The evaporation of metallic gold into an ethanolic solution of bis(dipheny1-phos-
phino) methane (dppmH) and NH4NO3. Different mol ratios were used, all of which
resulted in the formation of [Au5(dppmH)3(dppm)](NO3)2. The red reaction mixture
was evaporated to dryness and subsequently passed over a celite 505 column to
remove any metallic gold. Red crystals were isolated by crystallization from methy-
lene chloride-diethyl ether.

The synthesis of [Au6(PPh3)6]NO3 cluster[16]
K[Ag(CN)2] was added to a methanolic solution of [Au8(PPh3)8](NO3)2 in a l/l molar
ratio, and the solution stirred for approximately 1 h. Adding diethyl ether into the
solution, the clusters were precipitated, and its subsequent recrystallization from
CH2Cl2/toluene resulted in the isolation of red-brown crystals of [Au6(PPh3)6]NO3.

The synthesis of [Au7(PPh3)7]
+ cluster[108]

With use of the rotary metal evaporation apparatus, 800 mg of Au was evaporated
into 300mL of toluene containing 1.60 g of L at −100 oC, resulting in a dark red-brown
slurry. After warming up to room temperature, the reaction mixture consisted of a
brown solution and a brown solid. The latter could be isolated by filtration. The
brown solid is washed with 20mL of acetone. A compound is isolated, containing the

5.4 Typical synthetic case studies 243



[Au7L7]
+ cation and as yet an unidentified anion. A dark brown solid remained after

filtration andwashingwith diethyl ether. The yield is 20–30% (based onAu). Crystals
suitable for X-ray analysis could be obtained by slow diffusion of diethyl ether into an
acetone solution.

The synthesis of [Au8(PPh3)6I]PF6 cluster[108]
0.50 g [Au9(PPh3)8]NO3 was dissolved in 20 mL of methanol, and the solution was
cooled to −60 oC. A solution of excess Bu4NI (0.45 g) in 10 mL of methanol was slowly
added in ca. 5 min. The color of the reaction mixture remained dark red. A brick red
solid was precipitated from this solution by adding the cold reaction mixture drop-
wise to a solution of 0.20 g of NH4PF6 in methanol (50 mL). The process of precipita-
tion can be accelerated by the addition of water. The precipitate was isolated by
filtration. To remove any traces of Bu4NI, it was washed with a mixture of methanol/
water (7/3, v/v).

The synthesis of [Au8(C2But)6(PPh2C6H4PPh2)2](PF6)2 cluster[13]
(AuC2But)n (50 mg) and [Au2(PPh2C6H4PPh2)2](PF6)2 (48 mg) were suspended in 10
mL CH2Cl2. The suspension was stirred for 1.5 h in the absence of light. The resulting
transparent pale-yellow solution was filtered, evaporated and recrystallized by slow
evaporation of its solution in CH2Cl2/acetone/methanol/EtOH mixture at room tem-
perature usingminimum amount of CH2Cl2. Bright yellow block crystals were washed
with diethyl ether and vacuum dried (83 mg, 85 %)

The synthesis of [Au9(P(C6H4-p-Me)3)8][PF6]3 cluster[109]
[Au9(P(C6H4-p-Me)3)8][PF6]3 was obtained by reaction of ethanolic solutions of
LAuNO3 (L = tris-para-substituted-phenylphosphin) with NaBH4 (molar ratio
1:0.25). Green crystals separated when the mixture is set aside.

The synthesis of [Au10Cl3(PCy2Ph)6]NO3 cluster[20]
The reaction of Au(NO3)(PCy2Ph) with NaBH4 in ethanol yielded a dark brown solid,
which on recrystallisation from CH2C12-hexane led to a separation of [Au3O3(PCy2Ph)3]
NO3 (yellow crystals, 25%) and [Au10Cl3(PCy2Ph)6](NO3) brown crystals, 10%).

The synthesis of Au11(PPh3)7Cl3 cluster [14, 15]
Au(PPh3)Cl was reduced by NaBH4 in ethanol. After reduction and precipitation, the
dark brown residue was cleaned by copious cycles of fractionated precipitation.
Further crystallization from CH2Cl2/diethyl ether led to the formation of red needle-
shaped crystals.

The synthesis of [Au13(PMe2Ph)10Cl2](PF6)3 cluster[11]
In the case of the PPhMe2 complex, addition of NEt4Cl to alcoholic solutions of the
[Au11(PMe2Ph)10]

3+on leads to its conversion into the higher nuclearity cluster ion
[Au13(PMe2Ph)10Cl2]

3+ with high yields. Very dark red crystals of [Au13(PMe2Ph)10Cl2]
(PF6)3 which were suitable for X-ray crystallographic analysis were obtained by
adding NH4PF6 to these alcoholic solutions.
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The Synthesis of [Au13(Dppm)6](BPh4)3[110]
120 mg HAuCl4 · 3H2O is added to the 20 mL methanol under vigorous stirring. Then
100 mg bis-(diphenylphosphino)methane (Dppm) and 100 mg adamantane mercap-
tan are added to form a colorless solution. After 10min, a freshly prepared solution of
200 mg NaBH3CN (in 2 mL of H2O) is added. The color of the solution gradually
changes from colorless to dark over 1 min. After 5 h, the precipitate is collected by
centrifugation. Later, the obtained product is dissolved in 2 mL of CH2Cl2, and 20 mg
NaBPh4 in 2 mL of CH3OH is added into the solution to replace the anions for
crystallization. Orange block crystals are crystallized from CH2Cl2/hexane at room
temperature after 4 days.

The synthesis of [Au14(PPh3)8(NO3)4] cluster[22]
NaBH4 (0.034 g) dissolved in ethanol (40 mL) was added dropwise into a stirring
suspension of ethanol (60 mL) and Au(PPh3)NO3 (1.874 g). After 2 h of stirring at r.t.,
the dark red reaction mixture was filtered once, dried in vacuo, redissolved in
methylene dichloride (7 mL) and filtered a second time. After subsequent solvent
evaporation under vacuum, the solid was washed with tetrahydrofuran and hexane
(20 mL each) and once again solvents were removed thoroughly. Crystals were
obtained by a slow diffusion of diethyl ether into a saturated solution of the solid
in methanol.

The synthesis of Au18(SC6H11)14 cluster[111]
SG-caped Au18 clusters were prepared by NaBH3CN reduction of HAuCl4 in water
in the presence of glutathione (H-SG). The as-obtained Au18(SG)14 clusters were
then used as the precursor for the synthesis of Au18(SC6H11)14 by reaction with
cyclohexylthiol. Au18(SG)14 (200 mg in 5 mL pure water) was added to a CH2Cl2
solution (5 mL) of cyclohexylthiol (1 mL) under vigorous stirring at 313 K. After
6 h, the product was transferred from water to CH2Cl2 solution, then the organic
layer was separated and dried in vacuum, washed several times with ethanol/
hexane (1:3, v/v). The pure Au18(SR)14 were then dissolved in CH2Cl2/MeCN
(2:1, v/v), followed by slow vapor (CH2Cl2) diffusion into the cluster solution
over about 7 days at 18°C.

The synthesis of [Au19(PhC ≡ C)9(Hdppa)3](SbF6)2 cluster[65]
A freshly prepared solution of NaBH4 (0.95 mg in 1 mL of ethanol) was added
dropwise to 4 mL CH2Cl2 suspension of 0.15 mmol PhC ≡ CAu and 0.025 mmol
HdppaAu2(SbF6)2 Bis(diphenylphosphino)amine(Hdppa) under vigorous stirring.
The color changed from orange to pale brown and finally dark brown. The reaction
continued for 18 h at room temperature in the dark. The mixture was then dried by
evaporation to give a dark solid, which was dissolved in 2.2 mL CH2Cl2. This crude
solution was centrifuged for 3 min at 10,000 rpm, and the supernatant was subjected
to the diffusion of mixed solvents (ether/n-hexane, v/v = 1). Brown-red crystals
formed after 2 weeks in 20.3% yield.
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The synthesis of Au20(TBBT)16 cluster[112]
The [Au25(PET)18]

‒ were then reacted with 0.3 mL TBBT in 1 mL toluene at 40 oC for
8 h. The reaction was quenched by adding ~10 mL methanol, followed by 3000 rpm
centrifugation for 5 min. The supernatant was collected and the solvent was
removed by rotary evaporation. 2 mL methanol was added to the remaining liquid,
followed by 10,000 rpm centrifugation for 5 min. The precipitate was collected and
subjected to methanol wash for two times to remove excess of TBBT thiol.
Crystallization was performed by diffusion of pentane into a CH2Cl2 solution of
clusters. After a month needle-like dark orange crystals of Au20(TBBT)16 were
observed.

The synthesis of [Au20(PPh3)4]Cl4 cluster[26]
A CH2Cl2 solution (25 mL) of Au4Cl4PPh3 (32 mg) was heated to 50 °C in a water bath
until all of the Au4Cl4PPh3 was dissolved, and then an ethanol solution (1 mL) of
NaBH4 (7.5 mg) was quickly added. The mixture was stirred at 50 °C for 4 hours. After
removal of the solvent, the dark red residue was washed by a toluene/CH2Cl2 (10:3;
10:5, v/v) solution at 50 °C until the color of the wash solution changed from brown to
pale. And then the left residues were dissolved in a CH2Cl2/toluene (1:1, v/v) solution
at 50 °C which became a red solution. Red crystals were grown by evaporation of the
CH2Cl2/toluene (1:1, v/v) solution at 50 °C. Finally 13 mg red crystals were obtained
with a yield of 48% on the basis of the initial amount of Au in Au4Cl4PPh3. The red
needle crystals suitable for x-ray analysis were grown in a CH2Cl2/toluene (1:1) mixed
solvent by natural evaporating at room temperature.

The synthesis of Au21(S-Adm)15 cluster[113]
The as-obtained Au18(SR)14 clusters were then used as the precursor for the
synthesis of Au21(S-Adm)16 by reaction with adamantanethiolate (HS-Adm).
Typically, 30 mg Au18(SR)14 and 0.5 g adamantanethiolate were dissolved in 10
mL CH2Cl2. The solution was heated to 40 °C and maintained at this temperature
with vigorous stirring for 12 h. Then the solvent was removed by rotary evapora-
tion, and methanol (20 mL) was added to the solution and the mixture was
centrifuged at 3500 rpm for 5 min. The supernatant was discarded and the
precipitate was washed with MeOH for 3 times. Acetone/MeOH (1:2, v/v) was
used to extract Au21(S-Adm)15 clusters. The yield is ca. 20% (Au atom basis).
Needle-like single crystals of Au21(S-Adm)15 cluster were obtained by vapor
diffusion of acetonitrile into toluene solution of clusters.

The synthesis of Au22(L)6 (L = 1,8-bis(diphenylphosphino)octane) cluster[28]
A CH2Cl2 solution (180mL) of Au2LCl2 (142 mg, 0.15 mmol) was cooled to 0 °C in an ice
bath over a period of ~30 min under magnetic stirring, and then an ethanol solution
(8 mL) of NaBH4 (22.7 mg, 0.6 mmol) was quickly added. The mixture was stirred at
0 °C for 24 hours. After removal of the solvent, the dark brown residue was washed by
a CH2Cl2:hexane (1:5, v/v) mixed solution (20 mL × 3), and re-dissolved in a minimum
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amount of CH2Cl2, then purified by column chromatography (silica gel). 35 mg brown
powder was obtained after solvent evaporationwith a yield of 36% on the basis of the
initial amount of Au in Au2LCl2. The 35 mg brown powder was then crystallized by
ethyl ether diffusion into a CH2Cl2/methanol (5:1) solution to give 13 mg branch-like
crystals. The branch-like crystals were recrystallized in a CH2Cl2/toluene (1:1) mixed
solvent to give plate crystals suitable for X-ray analysis.

The synthesis of [Au23(SC6H11)16]
− cluster[114]

HAuCl4 · 3H2O (118 mg) and tetraoctylammonium bromide (TOABr, 190 mg) were
dissolved inmethanol (15 mL) in a 50mL trineck round-bottom flask. After vigorously
stirring for 15 min, the solution color changed from yellow to dark reddish orange.
Then, excess cyclohexanethiol (196 μL) was added to the mixture at room tempera-
ture. After ~15 min, NaBH4 (114 mg dissolved freshly in 6 mL of cold Nanopure water)
was rapidly added to the solution under vigorous stirring. The reaction mixture was
further allowed to stir overnight and finally gave rise to pure [Au23(SC6H11)16]

− (yield
~20 %, Au atom basis). Single crystal growth of the clusters was performed by first
dissolving ~4 mg [Au23(SC6H11)16]

− clusters in 1 mL CH2Cl2.

The synthesis of [Au23(PhC ≡ C)9(PPh3)6](SbF6)2 cluster[66]
To a solution of Ph3PAuCl (24.7 mg) in CH2Cl2 (2 mL), AgSbF6 (17.2 mg) in methanol
(0.1 mL) was added with vigorous stirring. After 15 min stirring at room temperature,
the resulting solution was centrifuged for 4 min at 10,000 rpm, and the AgCl
precipitate was filtered off. The solvent of the filtrate was removed under vacuum
to give a colorless residue, which was dissolved in CH2Cl2 (4 mL). To this solution PhC
≡ CAu (29.8mg) was added, and then a freshly prepared solution of NaBH4 (0.71mg in
1.0 mL of ethanol) was added dropwise with vigorous stirring. The solution color
changed from orange to pale brown and finally to dark brown. Then the reaction
continued for 22 h at room temperature in air in the dark. Themixture was evaporated
to dryness to give a black solid. The solid was washed with n-hexane (2 × 5 mL) and
ether (2 × 5 mL), then dissolved in CH2Cl2 (2.2 mL), and the resulted solution was
centrifuged for 4 min at 10,000 rpm. The brown supernatant was collected and
subjected to vapor diffusion with ether:hexane (1:1, v:v) to afford black crystals
after two weeks.

The synthesis of [Au24(PPh3)10(PET)5X2]
+ cluster[58]

HAuCl4 · 3H2O (0.090 g) was first dissolved in 5 mL water, then added to 10 mL
toluene solution of TOABr (0.145 g). The two-phase solution was vigorously stirred for
15 min to effect phase transfer of gold salt from aqueous to toluene phase. The
aqueous layer was then removed, and PPh3 (0.180 g) was added under vigorous
stirring. The solution turned cloudy white immediately. A freshly prepared ethanolic
solution of NaBH4 (0.026 g, 5 mL) was rapidly added to the whitish suspension to
reduce AuI(PPh3)X (X = Cl or Br) to clusters. After 2–16 h (this reaction time is not
critical), toluene was rotavaporated and the reddish brown product was extracted
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with CH2Cl2. Excess phenylethylthiol (200 μL) was added to this solution and then
heated to 313 K (note: room temperature also worked but took a longer reaction time
(overnight)). The reactionwas allowed to proceed at 313 K for 4–6 h, during which the
optical spectrum of the crude product exhibited features of [Au25(PPh3)10(PET)5X2]

2+.
Then, to the crude product solution (without any processing), excess PPh3 (~1.20 g,
powders) was added. The reaction was continued for extra 24 h at 313K. Finally, the
obtained product was washed with hexane:CH2Cl2 (15:1, v/v) and extracted with
toluene. The as-obtained clusters were determined to be [Au24(PPh3)10(PET)5X2]

+

(counterion = X, where X is Cl/Br). Single crystals were grown by vapor diffusion
of hexane into a concentrated solution of the cluster in toluene (5–10 mg in 1 mL
toluene).

The synthesis of Au24(SePh)20 cluster[54]
HAuCl4.3H2O (0.0788 g) was dissolved in 5 mL water, and TOABr (0.125 g) was
dissolved in 5 mL CH2Cl2. The solution was vigorously stirred (~1,200 rpm) with a
magnetic stir bar to facilitate phase transfer of Au salt into the toluene phase. After
~15 min, phase transfer was completed, and the aqueous was then removed. The
CH2Cl2 solution of Au(III) was cooled to 0°C in an ice bath over ~30 min without
stirring. Then, C6H5SeH (0.042 mL) was dissolved in 1 mL ice-cold toluene, and
NaBH4 (11.34 mg) was dissolved in 1mL ice-cold water. As soon as both of which
were added drop-wise to the solution at the same time under vigorous stirring, the
solution’s color slowly changed from orange to dark brown. After reaction overnight,
the aqueous phase was removed. The mixture in the organic phase was rotavapo-
rated, and then washed several times with CH3OH/hexane to remove excess seleno-
late. Then, the crude product of Au24(SeC6H5)20 was extracted with CH2Cl2 or toluene,
and was used to crystallize directly.

The synthesis of Au24(SAdm)16 cluster[115]
Synthesis involved three steps. In step 1, 20 mL of THF containing 100 mg HAuCl4 ·
3H2O is initially combined with 98.8 mg of adamantanethiol for a 1:3 mole ratio. After
stirring at 450 rpm for 15min, 110mg of NaBH4 (dissolved in 5mL of cold, distilledH2O)
was then added instantaneously, turning the light-yellow mixture to the characteristic
black color observed in nanoparticle crude mixtures. The reaction mixture is then
continued stirring for an additional 1 h, after which the product was collected and
rotary-evaporated to dryness in order to remove the THF solvent. After using sequential
rounds of MeOH cleansing and centrifugation, the nanoparticles were purified of any
excess thiol present from the reaction.

In step 2, ∼40mg of crude product after cleaning/drying is added to 15 − 20 mL of
acetone. The 20mL screw-cap vial is then centrifuged, which separated into a distinct
soluble layer, and insoluble precipitate. The soluble layer is transferred to a separate
vial and subject to rotary evaporation to remove the acetone solvent. This process is
repeated a total of three times in order to obtain purely acetone-soluble material
without any insoluble material left over.
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In step 3, to further purify the material, vapor diffusion of an insoluble ethanol
portion into a soluble portion of the nanoparticles in toluene is conducted for crystal-
lizing the material. After 5 − 7 days,brown plate-like crystals were observed at the
bottom of the soluble portion.

The synthesis of Au25(PET)18 cluster[86]
About 2mL of 50mMHAuCl4 · 3H2O in THFwas diluted to 7.5 mL using THF. About 65
mg TOABr was added to this solution and stirred at 1,500 rpm for 30 min at room
temperature. The initial yellow color of the solution turned deep red during stirring.
About 0.5 mmol of pure thiol was added at a stretch while stirring at the same speed.
The deep red color slowly turned to yellow and eventually became colorless after
about 45 min. After stirring further for 2 h, 2.5 mL of ice-cold aqueous NaBH4 (0.2 M)
was added in one shot. The solution turned black immediately, and stirring was
continued for 5 − 8 h depending on the ligands. A continuous monitoring of the UV/
vis spectra is needed. Once the Au25 cluster has formed, all features will be prominent
and optical spectra will not change over time. The solutionwas rotary evaporated and
precipitated with methanol (∼4 mL), washed repeatedly with the same, and dried
(three times, until the smell of thiol was completely gone). This gives the purified and
dried Au25 cluster which can be stored in a refrigerator (4 °C). With this methodology
all alkanethiol and PET protected Au25 cluster can be synthesized.

The synthesis of [Au25(PPh3)10(SCnH2n+1)5Cl2]
2+ cluster[60]

By the reaction of AuPPh3Cl with n-alkanethiol (CnH2n+1SH; n = 2, 8, 10, 12, 14,
16, and 18). CnH2n+1SH was added to the chloroform solution (30 mL) of AuPPh3Cl
(20.1 mg) at [CnH2n+1SH]/[AuPPh3Cl] = 60) under vigorous stirring at 298 K. After 3 h,
the products were dried in vacuo, washed several times with hexane, redissolved in
a minimum amount of ethanol, and passed through a Sephadex LH-20 column. The
brownish yellow fraction that was eluted first was collected and mixed with an
excess amount of NaSbF6 for 15 min. Insoluble products were collected on a filter
and redissolved in CH2Cl2 to obtain cluster. Prism-like crystals for XRD measure-
ment were grown from ethanol/CH2Cl2 (1/1, v/v).

The synthesis of Au25(SePh)18 cluster[53]
HAuCl4 · 3H2O (79.12 mg) was dissolved in 1 mL nanopure water, and then phase
transferred to toluene with the aid of tetraoctylammonium bromide. After that, the
toluene solution of Au(III) was cooled to 0 °C in an ice bath over ∼30 min without
stirring. Then, both C6H5SeH (63 μL, dissolved in 1 mL ice-cold toluene) and NaBH4

(11.34 mg, dissolved in 1 mL ice-cold nanopure water) were dropwise added simulta-
neously to convert Au(III) to clusters. After reaction overnight, the aqueous phase
was removed. The mixture in the organic phase was rotavaporated, and then washed
several times with CH3OH to remove the redundant PhSeH and byproducts. Finally,
pure Au25 clusters were obtained through extraction using acetonitrile. The Au25
clusters were crystallized in CH2Cl2–ethanol at room temperature (2–3 days).
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The synthesis of Au28(TBBT)20 cluster[40]
The Au28(TBBT)20 were synthesized by reacting Au25(PET)18 clusters with excess
TBBT under 80 °C. 10 mg of Au25(PET)18 was dissolved in 0.5 mL toluene, then
mixed with 0.5 mL TBBT. The reaction mixture was incubated in a 80 °C oil bath
under stirring for 2 h; of note, the 2 h reaction time was an optimized time window
for Au25(PET)18 to completely transform to Au28(PET)20. The reaction was quenched
by adding ~10 mL of methanol, followed by centrifugation at 3,000 rmp for 5 min to
separate clusters from excess TBBT. The supernatant was discarded and more
methanol was added to the pellet. This process was repeated for three times.
Finally, the precipitate was extracted with CH2Cl2. The yield of Au28(TBBT)20 was
>90% (Au atom basis). The as-obtained clusters were crystalized in amix solvent of
1.5 mL CH2Cl2 and 1 mL ethanol. Rhombic brown crystals were observed after
one day.

The synthesis of Au30S(S-t-Bu)18 cluster[74]
0.254 mmol of HAuCl4 · 3H2O is dissolved in 15–20 mL of tetrahydrofuran to which 0.762
mmol of tert-butanethiol is added to give a 1:3 metal−ligand molar ratio. After stirring
vigorously for 15 min, an aqueous solution of NaBH4 (2.54 mmol) in 10 mL of cold H2O
was added instantaneously. The reactionmixture turned dark in color immediately, and
the stirring was continued for 1 h and processed via an initial rotary evaporation of the
THF solvent (drying the crude product) followed by sequential rounds of washing with
excess methanol and centrifugation to cleanse the product of excess t-C4H9. The thermo-
chemical treatment, in a solution of 1:3 (% v/v) toluene/t-C4H9 gives rise to >90% pure
Au30(S-tC4H9)18 after 5 h of stirring at 75 °C. The samples were further purified using SEC
(THF as eluent) on Bio-Rad SX1 beads. Crystals were grown by a vapor-vapor diffusion
method, whereby the pure product was dissolved in toluene and placed in an
ethanol bath. Rhombic platelike crystals suitable for measurement were obtained within
7–10 days.

The synthesis of Au36(TBBT)24 cluster[39]
10 mg Au38(PET)24 were dissolved in 0.5 mL toluene containing 0.5 mL TBBT. The
mixture was heat to 80 °C under gentle stirring for >12 h. After that, the greenish crude
product was treated in the same method as for Au38 to obtain pure Au36(TBBT)24. In
crystallization experiments, ~ 5 mg Au36(TBBT)24 was dissolved in 1.5 mL CH2Cl2 and
1 mL ethanol. After 1–2 days, rhombus crystals were obtained.

The synthesis of Au36(SCH2Ph-
tBu)8Cl20[116]

0.5 mmol HAuCl4 dissolved in 1 mL water, 25 mL CH2Cl2 and 156 mg TOAB added to a
flask. After 15min, the systemwas palced in a static ice bath, and 150 uLHSCH2Ph-

tBu
thiol was added. 170 mg borane tert-butylamine complex were added simulta-
neously. After one h, the aqueous phase was removed. The mixture in the organic
phase was rotavaporated, and then washed with methanol. The salmon pink crystals
were crystallized from CH2Cl2/ethanol over 2 − 3 days.
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The synthesis of Au36(PhC ≡ C)24 cluster[50]
To 3 mL CH3OH suspension containing PhC ≡ CAu (0.1 mmol, 29.8 mg), a freshly
prepared solution of NaBH4 (0.02 mmol in 1 mL of ethanol) was added dropwise
under vigorous stirring. The solution color changed from yellow to pale brown to dark
brown. Then 3 mL CHCl3 solution containing H4TCA (9.8 mg) was added to the
mixture and followed by addition of Et3N (20 uL). The reaction continued for 4 h at
room temperature in air in the dark. The mixture was evaporated to dryness to give a
dark solid. This solid was suspended in 8 mL n-pentane, and collected by centrifuge
(10,000 rpm, 2 min). This crude solid was dissolved in CH2Cl2 (2 mL), and centrifuged
(10,000 rpm, 2 min). The resulting solution was subject to diffusion of n-pentane to
afford dark sheet-like crystals after ca. two weeks (yield 5.0 %).

The synthesis of Au38(PET)24 cluster[117]
0.5mmol HAuCl4 · 3H2O and 2.0mmol glutathione (GS-H) weremixed in 20mL acetone
at room temperature under vigorous stirring (~20 min). The mixture (yellowish cloudy
suspension) was then cooled to ~0 °C in an ice bath. After ~20 min, a fresh solution of
NaBH4 (5 mmol, dissolved in 6 mL cold Nanopure water) was rapidly added to the
suspension under vigorous stirring. After ~20 min, black Aun(SG)m nanoparticles
precipitated out of solution and stuck to the inner wall of the flask. The clear acetone
solution was decanted and 6 mL water was added to dissolve the Aun(SG)m nanopar-
ticles. The aqueous solution of Aun(SG)mwas mixed with 0.3 mL ethanol, 2 mL toluene
and 2 mL PET. The diphase solution was heated to 80 °C and maintained at this
temperature (under air atmosphere). The Aun(SG)m nanoparticles were found to trans-
fer from the water phase to the organic phase in less than 10 min. The thermal process
was allowed to continue for ~40 h at 80 °C. Over the prolonged etching process, the
initial polydisperse Aun nanoparticles were converted to monodisperse Au38(PET)24
nanoparticles finally. The organic phase was thoroughly washed with ethanol (or
methanol) to remove excess thiol. Then, the Au38(PET)24 nanoparticles were separated
from Au(I)SR side-product by extraction with CH2Cl2 or toluene. Au38(SR)24 nanopar-
ticles were crystallized in toluene/ethanol under ambient conditions (3–5 days). Black
crystals were collected and subject to X-ray diffraction analysis.

The synthesis of [Au38S2(S-Adm)20] cluster[118]
78.8 mg HAuCl4 · 3H2O and 109.4 mg TOABr were mixed in 15 mL THF at room
temperature, and stirred for 30 min. After that, adamantanethiol (134.4 mg) was
added and stirred vigorously until the solution turned colorless. Then, a freshly
made NaBH4 solution (76 mg, dissolved in 5 mL cold Nanopure water) was added
to the reaction mixture all at once. The solution immediately turned dark. After 10
min, the solution containing the crude product was evaporated to near dryness. The
black product was washedwithmethanol for four times. The solid was then extracted
with CH2Cl2. The species insoluble in CH2Cl2 were discarded. The extracted cluster
solution (in CH2Cl2) was evaporated to dryness, then extracted for a second time.
Finally, the cluster solution was evaporated to dryness, and 50 mg solid was
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obtained. The as-obtained clusters contained a mixture of different sizes which were
converted into monodisperse clusters following a size-focusing step. For the size-
focusing step, the clusters were mixed with excess adamantanethiol (252 mg) and co-
dissolved in toluene (2 mL). The solution was heated to 90 ˚C and maintained at this
temperature for more than 24 h. The final product was washed with methanol for four
times and then extracted with CH2Cl2 (repeated three times). The finally extracted
CH2Cl2 solution contained quite pure Au38S2(SR)20 clusters. The asobtained clusters
were crystallized by methanol vapor diffusion into a toluene solution of clusters.

The synthesis of Au40(o-MBT)24 cluster[119]
The Au40(o-MBT)24 was synthesized by a two-step size focusing method. In the
first step, 0.25 mmol of HAuCl4 was reduced by 1.27 mmol of 2-methylbenzenethiolate
(o-MBT) to form Au(I)-o-MBT polymers in a toluene solution containing 0.29 mmol of
TOAB. The Au(I)-oMBT polymers were further reduced to size-mixed Aux(o-MBT)y
clusters by 2.5 mmol of NaBH4 (dissolved in 5 mL of water). In the second step, the
polydispersed Aux(o-MBT)y clusters were reacted with excess of o-MBT thiol at 90 °C
for 48 h. Clusters were separated from the reaction mixture by precipitation with
methanol and crystallized in the pentane/CH2Cl2 solvents

The synthesis of Au44(2,4-DMBT)26 cluster[120]
HAuCl4∙4H2O (100 mg) dissolved in 2 mL water was added to 15 mL of CH2Cl2 solution
containing TOABr (154 mg). The mixture was vigorously stirred for ~ 30 min until the
phase transfer was completed. Thewater layer was removed using a separatory funnel,
and three equivalents of 2,4‐Dimethylbenzenethiol(2,4-DMBTH) (0.7284 mmol) were
added to the organic layer. After continuously stirring for ~ 3 h, 3 mL of aqueous
solution containing 47 mg of NaBH4 was quickly added to the cooled reaction mixture
(0 °C) at once. The reduction was allowed to proceed overnight. A rotary evaporator
was employed to remove the solvent under reduced pressure, and then a large amount
of methanol was used to clean the product to remove excess TBBTH and TOAB. Next,
100 μL of 2,4-DMBTH was added to the precursor under 40 °C for subsequent etching.
The crude products dissolved in 1 mL of CH2CL2 were pipetted onto four pieces of PTLC
plate (10 cm × 20 cm), and the separation was conducted in a developing tank (solvent:
CH2CL2/petroleum ether = 10/25, v/v) for ~ 30min. A knife was used to cut the bands of
Au44(2,4-DMBT)26 in the PTLC plate, which were extracted by pure CH2Cl2. Single
crystals of Au44(2,4-DMBT)26 were formed by vapor diffusion of acetonitrile into the
toluene solution of cluster over one month.

The synthesis of Au44(PhC ≡ C)28 cluster[50]
A freshly prepared solution of NaBH4 (0.95 mg in 1 mL of ethanol) was added
dropwise to 4 mL CHCl3 suspension of 0.15 mmol PhC ≡ CAu under vigorous stirring.
The color changed from yellow to pale brown and finally to dark brown. The reaction
continued for 16 h at room temperature in air in the dark. Then phenylacetylene (0.3
mL) and pyridine (0.3 mL) were added to the mixture and the reaction continued for
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24 h under ambient conditions. The volume of the mixture was evaporated to 0.6 mL
and excess (15 mL) n-hexane was added to give a dark solid. This crude solid was
dissolved with mixed solvents containing 1.5 mL CH2Cl2 and 0.1 mL CH3OH, and the
resulting solutionwas subject to diffusion of pentane: hexane (1:1, v/v) to afford black
crystals after two weeks (8.4% yield).

The synthesis of Au52(TBBT)32 cluster[119]
In the first step, 0.125 mmol of HAuCl4 was reacted with 0.625 mmol of 4-tert-
butylbenzenethiolate(TBBT) in 10 mL THF, followed by reduction to size-mixed Aux
(TBBT)y clusters by 1.25 mmol of NaBH4 (in 5 mL of water). In the second step, the Aux
(TBBT)y mixture was reacted with excess TBBT thiol at 80 °C for 24 h. Clusters were
separated from the reaction mixture by precipitation with methanol and crystallized
in the pentane/CH2Cl2 solvents.

The synthesis of [Au60Se2(PPh3)10(SePh)15]
+ cluster[76]

HAuCl4 · 3H2O (0.1576 g) was dissolved in 5mL nanopure water, and TOABr (0.2558 g)
was dissolved in 10 mL toluene. These two solutions were combined in a 25 mL
trineck round-bottom flask. After about 15 min, the phase transfer was completed,
leaving a clear aqueous phase at the bottom of the flask; the aqueous was then
removed. The toluene solution of AuIII was cooled to 0 °C in an ice bath over 30 min
without stirring. Then, PPh3 (0.315 g) was added into the toluene solution of AuIII.
After 5 min, 5 mL ice-cold aqueous solution of NaBH4 (0.08 g, 2.11 mmol) was rapidly
added with vigorously stirring. This led to the formation of the Aun(PPh3)m clusters.
After about 1 h, PhSeH (50 mL) was directly added to the toluene solution of the Aun
(PPh3)m clusters without any treatment. Then, the reaction was allowed to proceed
for 36 h. After that, the aqueous phasewas removed. Themixture in the organic phase
was rotavaporated, and then washed several times with ethanol to remove the
redundant PhSeH, PPh3, and by-products until the optical absorption spectrum
shows five stepwise peaks at 353, 435, 510, 600 and 835 nm. Finally, the pure
Au60Se2(PPh3)10(SeR)15 were obtained.

The synthesis of Au60S6(SCH2Ph)36 cluster[121]
Ten milligrams of Au38(PET)24 was dissolved in 1 mL of toluene containing 0.5 mL of
PhCH2SH. Next, the reaction proceeded overnight at 100 oC under nitrogen atmo-
sphere, and then was terminated by the addition of excess methanol. The crude
product was washed with petroleum ether and methanol four times, dissolved in
CH2Cl2, and then subjected to separation and purification by PTLC. Single crystals of
the purified clusters were grown by the vapour diffusion of acetonitrile into a toluene
solution of clusters at 5 oC, and black-coloured crystals formed after one week.

The synthesis of Au92(TBBT)44 cluster[122]
In the first step, HAuCl4 · 3H2O (0.11 mmol, 45 mg) and TBBT thiol (0.55 mmol, 90 μL)
were mixed in 10mLmethanol, and stirred for 30min to form yellowish precipitate of
Au(I)-TBBT complexes which were collected and redispersed in 10 mL THF by
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sonication. The reaction mixture was stirred gently and cooled down to −4 °C. Then
NaBH4 (0.8 mmol, 30 mg dissolved in 1 mL cold H2O) was injected to the reaction
mixture all at once. The color of the solution changed to black within 5s, indicating
the reduction of Au(I)-TBBT complexes into polydispersed Aux(TBBT)y nanoparticles.
After reacting for 18 h, the THF solvent was removed, and the Aux(TBBT)y nanopar-
ticles were separated by first precipitating with methanol, and then extracting with
CH2Cl2. In the second step, ~25 mg of Aux(TBBT)y nanoparticles were dissolved in 1
mL toluene and 100 μL TBBT thiol, and stirred at 60 °C for 24 h. Then, additional 100
μL of TBBT thiol was added and stirred at 80 °C for another 24 h. After that, the
nanoparticles were collected by first precipitating with methanol and then extracting
with CH2Cl2. The Au92(TBBT)44 nanoparticles were crystallized by vapor diffusion of
CH3CN into a toluene solution of the nanoparticles. Rhombic black crystals were
obtained and characterized by X-ray crystallography.

The synthesis of Au102(p-MBA)44 cluster[12]
Solutions of 28mMHAuCl4 and of 95mM p-MBA, 300mMNaOH,were combinedwith
methanol and water to give 3 mM HAuCl4, 12 mM p-mercaptobenzoic acid (p-MBA),
47% methanol. The mixture was allowed to equilibrate for 1 h, adjusted to 10 mM
NaBH4 (by addition of a 150 mM solution in water) and agitated on a Vortex mixer for
5 h. Product was precipitated with 10% (v/v) of 2.5 M NaCl and 1 vol methanol,
pelleted for 5 min at top speed in a microcentrifuge, resuspended in 70% methanol,
pelleted again, dried overnight at room temperature, and resuspended in water. A
screen around a starting condition of 300 mM NaCl, 100 mM sodium acetate, pH 2.5,
46% methanol was performed for each new cluster preparation. Thin black rods
appeared after three days. Crystals were frozen within a day or two of appearance,
since more extensive growth would lead to greater mosaicity.

The synthesis of Au103S2(SNap)41 cluster[123]
The as-synthesized clusters were used as the starting material for ligand-exchange
induced size/structure transformation to Au103S2(S-Nap)41. Typically, 10 mg of pure
Au99(SPh)42 was dissolved in a mixed solution of 1 mL of toluene and 1 mL of 4-tert-
butyltoluene. Then, 240mg of 2-thionaphthol was added to the solution. The solution
was heated and kept at 80 °C for 48 h. Methanol was added to the reaction mixture to
precipitate the product, followed by centrifugation, and the solid product was
washed with methanol to remove excess thiol; this washing procedure was per-
formed several times and finally pure Au103S2(S-Nap)41 was extracted with CH2Cl2.
The yield of the reaction was ~40% (on gold atom basis). Single crystal growth of the
product was performed with vapor diffusion of methanol into a 1,2,4-trichloroben-
zene solution of the clusters (~3 mg/mL).

The synthesis of Au108S24(PPh3)16 cluster[73]
Solid H-SC(SiMe3)3 (0.29 g) was added to a solution of Ph3PAuCl (0.50 g) in 30 mL
THF. The yellow mixture was stirred for 10 min. NaBH4 (0.08 g) was dissolved
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in water and slowly added to the yellow mixture. The mixture reacted fast and
became warm and black immediately. After 30 min of stirring the mixture was
left overnight. Et2O (50 mL) was added to dissolve the black precipitate and to
separate the organic and the aqueous phase. The phases were separated and the
organic phase was dried under vacuum to give a brown precipitate. The brown
precipitate was washed with pentane, toluene and Et2O and is afterwards extracted
with 30mL of THF, where 90mg are dissolved. The extract was stored at 40 °C. After
3 weeks beside a thin film also black, hexagonal crystals of Au108S24(PPh3)16 was
formed.

The synthesis of Au130(p-MBT)50 cluster[124]
In the first step, 0.4 mmol of HAuCl4 · 3H2O (dissolved in 5 mL nanopure water) was
mixed with 0.46 mmol of TOABr (dissolved in 10 mL toluene). The solution was
vigorously stirred for 15 to 20 min to allow the transfer of gold salt into the toluene
phase, followed by the removal of aqueous phase. Then, 2 mmol of p-MBT was added
to the flask, and the solution was kept stirring for 30min. 3mmol of NaBH4 (dissolved
in 5mL ice cold nanopure water) was rapidly added to the reaction flask. The reaction
was stopped after 5 min. The aqueous phase was discarded. The organic phase was
dried by rotary evaporation. The as-obtained, size mixed Aux(p-MBT)y were washed
with methanol 3 times and then extracted with CH2Cl2. In the second step, the
obtained Aux(p-MBT)y gold clusters were reacted with 0.6 mL p-MBT in 1 mL toluene
at 80 °C in air atmosphere with gentlestirring. The reaction wasmonitored by MALDI-
MS and UV-vis spectroscopy. Once the pure Au130(p-MBT)50 was obtained (monitored
by MALDI-MS), the reaction was stopped (typically, 20 to 30 h). Then the product was
washed with methanol and extracted with CH2Cl2. Needle-like single crystals of Au130
(p-MBT)50 cluster were obtained by vapor diffusion of acetonitrile into toluene solu-
tion of clusters.

The synthesis of Au133(TBBT)52 cluster[41]
HAuCl4.3H2O (0.3 g) and TOABr (0.42 g) were dissolved in ethyl acetate (30 mL) and
stirred for 2 h at 500 rpm. Thereafter, two equivalent TBBT was added and stirred for
another 4 h. To this reactionmixture NaBH4 (0.29 g) was added rapidly, which turned
the solution color to black with the evolution of gas bubbles. After about 24 h of
stirring, the resultant product was dried using rotary evaporation to remove excess
solvent. Then, to the crude product a few drops of distilled water was added and
washed with methanol 3–4 times to remove excess thiol and other reaction bypro-
ducts. The crude mixture was dissolved in a minimum amount of toluene (400 μL)
and 0.5 mL TBBT in a 10 mL round-bottom flask and subjected to thermochemical
treatment or etching at 80 oC and stirred for about 6 days at 500 rpm. Au133(TBBT)52
was separated using a 24 inch size exclusion chromatography column packed with
Biorad SX1 beads soaked in THF. 10–20 mg of the etched product was dissolved in
minimum amount of stabilized THF (<400 μL) and loaded carefully on the flat bed of
the column to ensure effective separation.
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The synthesis of Au246(p-MBT)80 cluster[125]
The Au246(p-MBT)80 were synthesized by a two-step size focusing method. In the
first step, 1 mmol of HAuCl4 (dissolved in 5 mL of H2O) was mixed with 1.16 mmol of
TOABr (dissolved in 10 mL of toluene). After vigorously stirring for 5 min, the clear
aqueous phase was removed. Then 4 mmol of p-MBT thiol was added into the
toluene phase. After vigorously stirring for 30 min, 10 mmol of NaBH4 (dissolved
in 5 mL of H2O) was rapidly added to the reaction solution all at once. The color of
the solution immediately changed to black. After 10 min of reaction, the aqueous
phase was removed, and the black toluene phase was dried by rotary evaporation.
The precipitates were washed with methanol three times. The size-mixed Aux(p-
MBT)y were extracted from the precipitates with CH2Cl2 and dried. In the second
step, the as-prepared Aux(p-MBT)y were mixed with 1 mL of p-MBT thiol and 1 mL of
toluene. The solution was heated at 80 oC and gently stirred. The reaction was
allowed to proceed for approximately 10 h. After that, the product was washed with
methanol to remove excess thiol, and extracted with CH2Cl2. The as-obtained Au246
(p-MBT)80 was ~90% pure and further purification was performed by solvent
fractionation with toluene/methanol to remove the smaller nanoparticles, and
finally molecularly pure Au246(p-MBT)80 was obtained. Single crystals of the cluster
were obtained by vapor diffusion of acetonitrile into a toluene solution of the pure
Au246(p-MBT)80 clusters.

The synthesis of Au279(TBBT)84 cluster[126]
Step 1: Crude Synthesis. 200 mg HAuCl4 · 3H2O and 280 mg TOABr were dissolved in
ethyl acetate (20 mL) in a 100 mL roundbottom flask under vigorous stirring for 2 h.
Two equivalent TBBT was added to the red-colored reaction mixture and stirred for 4
h. The nearly clear polymeric AuIx(SR)y mixture was reduced with 192 mg NaBH4

dissolved in ice cold water (6 mL). Upon reduction, the reaction mixture turns black
instantaneously, and the reaction was stopped after 24 h. Then the solvent was
removed by rotary evaporation, and the black colored crude product was washed
with methanol to remove excess thiol and other byproducts (4 times, 20 mL).

Step 2: Thermochemical Treatment (Etching). The crude was etched with 400 μL
of TBBT and 500 μL of toluene in a 10 mL roundbottom flask at 85 °C for 4 − 6 d. The
etching reaction was monitored daily to follow the reaction progress, The etched
product was rotary evaporated to remove the solvent and washed with methanol to
remove the excess thiols. The etched product was washed with methanol (4 times, 20
mL) to remove excess thiol and byproducts, followed by CH2Cl2/toluene extraction.
These nanocrystals are very stable and canwithstand 85 °C under ambient conditions
and excess thiol for ∼10 days

Step 3: Isolation of Molecularly Pure Au279 Nanocrystals and Crystallization.
Pink-colored Au279(TBBT)84 plasmonic gold nanocrystal was isolated by using size
exclusion chromatography (SEC). The Bio-Rad SX1 support beads were used as a
stationary phase, and THF-BHT solvent was used for loading the sample and as a
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mobile phase to separate the product. Typically, 20 mg of etched product was loaded
on a column with 1 in. diameter and ∼20 in. long bed size. The eluted product was
collected in fractions and screened using MALDI-TOF-MS under high laser fluence. It
is very crucial to collect the data under high laser fluence and wide mass range (3 −
200 kDa) to reveal any higher mass polydisperse clusters present. SEC purified F-279
under high laser fluence. Pure fractions were washed with methanol (10 mL) to
remove residual amounts of BHT present in the sample and analyzed using ESI-MS.
Then, molecularly pure Au279(TBBT)84 nanocrystals were crystallized by vapor diffu-
sion of pentane into CH2Cl2 solution of Au279 nanocrystals.

5.5 Critical Safety Considerations

In this article, most of the chemicals for the synthesis of gold clusters are nontoxic or
low toxic in the condition of one can be strictly compliance with experimental safety
regulations. However, some chemicals and experiment conditions should be paid
special attention.
a. For all the synthetic procedures in the lab, safety glasses, lab coat, long pants and

glove are required.
b. All the experiments should be conducted in fume hood.
c. Special attention should be paid when organic solvents (e. g. THF, DMF, CH2Cl2)

ligands (e. g. phosphine, thiolate, alkynyl) are used. These organic solvents and
ligands may cause serious discomfort and pain if inhalation or in contact with
skin, or swallowed.

d. The HAuCl4 is a strong corrosive acid that should be paid special attention and
make sure that the use of a horn spoon instead of metallic spoon.

e. When alkynyl ligands is used to synthesize whether the gold clusters or any
related precursor, due to the explosive nature of metallic alkynyls, great care
should be taken and only small amounts should be used.

5.6 Conclusion and Future Perspective

In this article, synthetic strategies, characterization methodologies and instrumenta-
tion techniques for characterization of atomically-precise Au clusters have been
summarized. “Size-focusing” and LEIST are two key methodologies that have been
developed for attaining gold clusters with size control. These two methodologies
have largely expanded the “universe” of Au clusters.

The characterization techniques in the context of geometrical structures reveal a
strong molecular character of gold clusters. Important characterization techniques of
these gold clusters, including mass spectrometry, UV-visible absorption spectrometry,
X-ray single crystal diffractometer, electron diffraction and extended X-ray absorption
fine structure, are presented. Identification and characterization of gold clusters have
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been achieved in terms of nuclearity (size), molecular formulae, and geometrical
structures by the combination of these techniques.

Giant clusters with more than 100 metal atoms are particularly exciting, as they
can exhibit size-dependent structural rules and provide important information about
cluster stability. Such giant clusters will also be of critical importance for materials
chemists to probe and understand the transition from the molecular to the metallic
state. New breakthroughs are needed in achieving atomic precision for particles
larger than 2 nm in diameter and also in crystallizing such particles for total structure
determination by X-ray crystallography.

Cluster crystals as materials have not been examined. A fruitful area of gold
cluster materials is yet to be explored. Spontaneous reactions involving metal and
ligand exchange and the new examples of isomeric transformations between clusters
suggest that many new examples of this science are possible. These explorations
could lead to new rules of cluster chemistry analogous to molecular science.
Regardless of the fact that many properties of gold clusters have been discovered,
the exploration of their practical applications is still in its infancy. Owing to the
unique properties, it can be anticipated that further research on gold clusters will
stimulate broad scientific and technological interests in the near future.
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Appendix

Table 1: A summary of typical synthetic protocols of ligand protected atomically-precise gold clusters
determined by single crystal diffraction so far.

Core Ligating
mode

Chemical Composition UV (characteristic
peak)/nm

Other
Characterization

Ref.

Au4 P Au4(μ-I)2(PPh3)4 None none 84
Au5 P [Au5(dppmH)3(dppm)]

(NO3)2

none none 85

Au6 P [Au6(PPh3)6]NO3 319, 331, 453,476 none 16
Au7 P [Au7(PPh3)7]

+ none NMR, Mossbauer 109
Au8 p [Au8(PPh3)6I]PF6 none NMR, Mossbauer 109
Au8 C P [Au8(C2But)6

(PPh2C6H4PPh2)2] (PF6)2

573 NMR, ESI-MS,
PXRD, EXAFS

13

Au9 P [Au9(P(C6H4-p-Me)3)8]
[PF6]3

none none 110

(continued)
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Table 1 (continued)

Core Ligating
mode

Chemical Composition UV (characteristic
peak)/nm

Other
Characterization

Ref.

Au10 P [Au10Cl3(PCy2Ph)6]NO3 none none 20
Au11 P Au11(PPh3)7Cl3 318, 406 NMR 13–14
Au13 P [Au13(PMe2Ph)10Cl2](PF6)3 360,490 ESI-MS 11
Au13 P [Au13(Dppm)6](BPh4)3 450,800 ESI-MS,TGA 111
Au14 P [Au14(PPh3)8(NO3)4] none NMR 22
Au18 S [Au18(SC6H11)14] 520, 590 ESI-MS, IR,SEC,

NMR
112

Au19 C P [Au19(PhC ≡ C)9(Hdppa)3]
(SbF6)2

277, 388,548, 934 NMR, ESI-MS, IR 66

Au20 S [Au20(TBBT)16] none none 113
Au20 P [Au20(PPh3)4]Cl4 486, 360 ESI-MS, NMR 26
Au21 S [Au21(S-Adm)15] none ESI-TOF-MS 114
Au22 C Au22(C32H36P2)6 456 ESI-MS, NMR 28
Au23 S [Au23(SC6H11)16]

− 570 ESI-MS,TGA 115
Au23 C P [Au23(PhC ≡ C)9(PPh3)6]

(SbF6)2

273,380,525, 600 ESI-MS, XPS 67

Au24 P S [Au24(PPh3)10(PET)5X2]
+ 383,560 ESI-MS, CV 116

Au24 Se [Au24(SePh)20] 380, 530, 620 none 55
Au24 S [Au24(SAdm)16] 580, 690 ESI-MS 117
Au25 S [Au25(PET)18] 400, 450, 670 NMR 65
Au25 P S [Au25(PPh3)10(SCnH2n+1)-

5Cl2]
2+

670 ESI-MS 61

Au25 Se [Au25(SePh)18] 430,620, 1050 NMR, MALDI-MS,
CV

54

Au28 P [Au28(TBBT)20] 365,480, 580 CD, ESI-MS 41
Au30 S [Au30S(S-t-Bu)18] 630 CD, ESI-MS 75
Au36 S [Au36(TBBT)24] 375, 570 ESI-MS 40
Au36 C [Au36(PhC ≡ C)24] 640 ESI 51
Au36 S Au36(SCH2Ph-

tBu)8Cl20 365, 420, 502 XPS 118
Au38 S [Au38(PET)24] 1050, 750, 620,

560, 520, 490
none 119

Au38 S [Au38S2(S-Adm)20] 650,750 none 120
Au40 S [Au40(o-MBT)24] none none 121
Au44 S [Au44(2,4-DMBT)26] 331, 389, 442,

543, 670
ESI-MS,TGA,XPS 122

Au44 C [Au44(PhC ≡ C)28] 558 ESI 51
Au52 S [Au52(TBBT)32] none none 121
Au60 Se [Au60Se2(PPh3)10

(SePh)15]
+

353, 435, 510,
600, 835

ESI, CV,TGA 77

Au60 S [Au60S6(SCH2Ph)36] 345,600 ESI 123
Au92 S [Au92(TBBT)44] 440, 660, 850 ESI 124
Au102 S [Au102(p-MBA)44] none none 12

(continued)
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Table 1 (continued)

Core Ligating
mode

Chemical Composition UV (characteristic
peak)/nm

Other
Characterization

Ref.

Au103 S [Au103S2(SNap)41] none SAXS, TEM, ESI,
NMR

125

Au108 S [Au108S24(PPh3)16] none EDX, DLS,NMR 74
Au130 S [Au130(p-MBT)50] none NMR, 126
Au133 S [Au133(TBBT)52] none TEM, ESI,NMR 42
Au246 S [Au246(p-MBT)80] 470 MALDI 127
Au279 S [Au279(TBBT)84] 510 MALDI 128

Table 2: Terms and Abbreviations.

Term Abbreviations

Ligand exchange-induced size/structure transformation LEIST
Cambridge Crystallographic Data Centre CCDC
Electron diffraction ED
Extended X-ray absorption fine structure EXFAS
Scanning transmission electron microscopy STEM
1,8-bis(diphenylphosphino)octane dppo
1,3-propanediylbis(diphenylphosphine) dppp
1,3-bis(diethylphosphino)propane depp
1,5-bis(diphenylphosphino)pentane dpppe
1,6-bis(diphenylphosphino)hexane dpph
1,2-bis(diphenylphosphino)ethane dppp
Self-assembled monolayers SAMs
Tetraoctylammonium bromide TOABr
Tetrahydrofuran THF
Phenylethanethiolate PET
4-tert-butylbenzenethiolate TBBT
High performance liquid chromatography HPLC
Polyacrylamide gel electrophoresis PAGE
Phenylacetylene PA
Highest occupied molecular orbital HOMO
Lowest unoccupied molecular orbital LUMO
1,1ʹ-bis(diphenylphosphino)ferrocene dppf
Electrospray ionization ESI
Matrix-assisted laser desorption ionization MALDI
Nuclear magnetic resonance NMR
trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile DCTB
Laser desorption ionization LDI
Ion mobility–mass spectrometry IM-MS
Energy collision-induced dissociation CID
penta(ethylene glycol) thiolate SPEG

(continued)
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