An Introduction to Noble Metal-Based Composite
Nanomaterials

1.1 Materials at Nanometer Scales

Materials including semiconductors, metals, and oxides at nanometer scales,
in terms of nanomaterials, nanoparticles, or nanocrystals with controlled
sizes/morphologies, have garnered a great deal of research interest due to their
immense potential for various applications, e.g. catalysis and photonics [1-19].
Owing to the quantum confinement effect and/or the large surface-to-volume
ratio, the physical and chemical properties of materials at nanometer scale are
usually dependent on size and shape [4, 5, 12—14, 20-25]. One typical example
to indicate the size influence on the chemical property of nanometer materials
is the catalytic reduction of p-nitrophenol to p-aminophenol over gold (Au)
nanoparticles stabilized by cetyltrimethyl ammonium bromide (CTAB) with
average sizes in the range of 3.5-56 nm. The results suggest that the activity of
the CTAB-stabilized Au nanoparticles is neither very efficient for the smallest
particles (3.5 nm) nor for the larger ones (28 and 56 nm). Instead, it turns out that
the CTAB-stabilized Au nanoparticles of an intermediate size (13 nm) are the
most active ones for the catalytic reduction of p-nitrophenol to p-aminophenol
[26]. In addition, for noble metal nanoparticles with different shapes, they
could display different activities for the same catalytic reaction due to their
different crystallographic surfaces [2, 3, 5, 12—14, 27, 28]. In other words, noble
metal nanoparticles with different shapes often display quite different catalytic
behaviors [12, 13]. For instance, Wang and coworkers demonstrated that the
monodispersed Pt nanoparticles with controlled sizes of 3—7 nm and shapes of
polyhedron, truncated cube, or cube are active catalysts for the oxygen reduction
reaction (ORR) in acidic medium. However, the measured current density for
7-nm Pt nanocubes is four times that of 3-nm polyhedral (or 5-nm truncated
cubic) Pt nanoparticles, manifesting a significant effect of particle shape on the
oxygen reduction [8].

We are currently witnessing the impressive successes in preparation of mate-
rials at nanometer scale. Over the past decades, a vast number of wet-chemistry
approaches, including the reduction of appropriate precursors in solution phases
[14, 29-34], in microemulsions [35], or in sol-gel processes [36], have been
developed to obtain various nanoparticles with well-defined sizes and shapes.
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Figure 1.1 Schematic illustration of different shapes of Pt nanocrystals derived from
conventional single-crystal polyhedrons enclosed by the low-index planes {100} and {111}. The
first column represents the perfect polyhedrons, while the second column contains the
truncated forms of the perfect polyhedrons. The third and fourth columns compromise the
overgrown nanostructures and highly branched nanostructures grown from the corners of the
perfect polyhedrons, respectively. The yellow and blue colors represent the {100} and {111}
facets, respectively. Source: Chen et al. 2009 [12]. Adapted with permission of Elsevier.

Further, the size/shape control of the nanoparticles could also be achieved
through control of the nucleation and growth by varying the synthetic param-
eters, including the activity of the reducing agents, the type and concentration
of the precursors, and the nature and amount of surfactants or protective
reagents [33, 37-43]. As an important noble metal used in a wide variety of
catalytic applications, single-crystalline platinum (Pt) nanoparticles with diverse
shapes, as summarized in Figure 1.1, have been synthesized in the presence of a
capping agent through reducing a Pt precursor, decomposing an organometallic
complex, or combining these two routes such as hydrogenated decomposition
of platinum(II) acetylacetonate (Pt(acac),) [12].

Another common strategy used to generate nanomaterials with controlled
sizes/shapes is the seed-mediated growth method. The core particle in this
case is overlaid with a single shell of another material to realize the prepa-
ration of nanoparticles with desired sizes/shapes [44—50]. The core of the
nanoparticles could be subsequently removed by calcination or with a sol-
vent for further tailoring of the particle structures [51-57]. As schematically
shown in Figure 1.2, in a typical example, core—shell silver (Ag)-noble metals
including ruthenium (Ru), rhodium (Rh), platinum (Pt), osmium (Os), iridium
(Ir), and their alloys or core—shell-shell nanoparticles with Ag residing in
the inner shell region were firstly synthesized in an organic solvent. The Ag
was then extracted from the core or the inner shell by an aqueous solution
of bis(p-sulfonatophenyl)phenylphosphine, which binds strongly with Ag
atoms or Ag* ions to allow the complete removal of the Ag component,
leaving behind an organosol of hollow- or cage-bell-structured noble metal
nanoparticles [53].
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Figure 1.2 Schematic illustration to show the synthesis of noble metal nanomaterials with
hollow or cage-bell structure based on the inside-out diffusion of Ag in core-shell
nanoparticles with Ag residing in the core or inner shell region. Source: Liu et al. 2012 [53].
Adapted with permission of American Chemical Society.
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1.2 Emergence of Composite Nanomaterials

After close to decades of intense effort in determining dominant experimen-
tal conditions, e.g. suitable precursors, templates, stabilizer molecules, relative
concentration ratios, reaction media, and temperature, many nanoparticles can
now be produced with fairly good control of sizes and shapes [58—64]. A num-
ber of nanoparticle geometries such as wires [65-70], rods [71-77], cubes [66,
78, 79], stars [80—83], disks [84—86], dendrites [87-94], and prisms [95, 96] can
be routinely synthesized by solution chemistry methods in polar and nonpolar
environments. Following the extensive progress in synthetic control achieved
for nanoparticles of metals, semiconductors, and oxides, naturally, there is an
increased interest in producing more sophisticated nanostructures because of the
promise of tunable properties for a new generation of technology-driven applica-
tions in catalysis [97—-100], chemical and biological sensing [101-105], and optics
[100, 106, 107]. The increase in degree of complexity may mean increase in func-
tionalities. As an example, the core—shell nanoparticles, in which an additional
inorganic material is uniformly grown around a nanocrystal core, can be used
to enhance the robustness and fluorescence efficiency of a semiconductor core
[108-112], to tailor the magnetic properties of the overall particle [113, 114], and
also to provide a surface to which molecules can attach easily [115].

After remarkable successes in synthesizing more conventional hybrid nano-
materials, which are featured by their combination of same type of materials, e.g.
core—shell [44, 116—121], alloy [122-135], and bimetallic heterostructures with
controlled dimensions and intriguing morphologies [45, 83, 90, 94, 136—141],
there has been increasing interest devoted toward the development of composite
nanomaterials (also called hybrid nanoparticles) that consist of different classes
of materials with intimate contacts [142—161]. The lure of these composite
nanostructures is that they combine disparate materials with distinctly different
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physical and chemical properties onto a single nanosystem, thus providing a
powerful approach for the bottom-up design of novel architectures. Beyond
the fundamental development in synthesis, the interest in nanocomposites
arises from their combined and synergistic properties exceeding the func-
tionality of the individual components, which yield a unique hybrid platform
with tunable optical properties [162—176], enhanced photocatalytic activities
[177-187], ultrafast carrier dynamics [188-195], and photothermal therapy or
cell destruction functions [196—198]. Furthermore, the interactions among their
different domains can greatly improve the overall application performance of
the nanocomposites. These ideas are well demonstrated by the application of
metal-based nanocomposites in photocatalysis. Upon ideal combination, the
solid-state interfaces among different domains in the nanocomposites can assist
quick transfer of the photogenerated charge carriers from one to the other;
and can delocalize the photoelectrons over the excited states of both metal and
semiconductor or oxide, which in turn hinders carrier recombination, offering
a better opportunity for their utilization in activating the chemical reactions
[147, 156, 177, 181, 199, 200]. Further, these composite materials also provide
various combinations of facets on their surfaces, which can give rise to more
chances for the substrate molecules getting adsorbed [147, 201, 202]. These
advantages make these metal-based nanocomposites more efficient photo-
catalysts than the only-metal or semiconductor/oxide catalysts. For example,
the metal ingredients in semiconductor—metal nanocomposites can enhance
both the photocatalytic and light-harvesting efficiencies of semiconductors
by improving the charge separation and by increasing the light absorption
[203-205]. In addition, as presented by Talapin et al., contrary to the n-type lead
sulfide (PbS) semiconductor, core-shell-structured Au-PbS nanocomposites
exhibit strong p-type gate effects due to the intraparticle charge transfer between
Au core and PbS shell regions. The energy-level alignment of PbS and Au is
favorable for the electron transfer from the highest occupied 1S, quantum
confined state of the PbS shell to the Au core, which is something like the
injection of mobile holes into the PbS shell [206].

The early studies on noble metal-based nanocomposites involve the deposition
or doping of different noble metals (e.g. Au, Ag, and Pt) in titanium dioxide (TiO,)
powders for photocatalytic applications [180, 207-213]. In these structures, the
metal domain induces the charge equilibrium in photoexcited TiO, substrates to
affect the energetics of the nanocomposites by shifting the Fermi level to more
negative potentials. The shift in Fermi level is indicative of improved charge sep-
aration in TiO,—noble metal systems, and is effective in enhancing the efficiency
of photocatalysis [177, 178, 214, 215].

As shown in Figure 1.3, the syntheses for most of the noble metal-based
nanocomposites were achieved after the year 2000. Indeed, only within
the past two decades have wet chemistry methods blossomed and become
a powerful approach toward the synthesis of composite nanomaterials
[147, 150, 154, 156, 159-161]. In 2004, the Banin group at the Hebrew
University of Jerusalem, Israel, made a major breakthrough in fabricat-
ing semiconductor—-metal nanocomposites [216]. They demonstrated a
solution-based synthesis for nanohybrids via the selective growth of Au tips
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Figure 1.3 The main milestones in wet chemistry-based syntheses of noble metal-based
composite nanomaterials.

on the apexes of hexagonal-phase cadmium selenide (CdSe) nanorods at room
temperature. The novel nanostructures display modified optical properties
due to the strong coupling between the Au and semiconductor domains. The
Au tips show increased conductivity, as well as selective chemical affinity for
forming self-assembled chains of rods. The architecture of these composite
nanostructures is qualitatively analogous to bifunctional molecules such as
dithiols, which provide two-sided chemical connectivity for self-assembly
and for electrical devices, and contacting points for colloidal nanorods and
tetrapods. The researchers in the Banin group later reported the synthesis
of asymmetric semiconductor—noble metal heterostructures, whereby Au is
grown on one side of the CdSe nanocrystalline rods and dots. Theoretical
modeling and experimental analysis show that the one-sided nanocomposites
are transformed from the two-sided architectures through a ripening pro-
cess [217]. Subsequently, a large number of wet chemistry-based approaches
were developed for the synthesis of semiconductor or metal oxide—noble
metal nanocomposites, e.g. ZnO-Ag [218-224], ZnO-Au [198, 225-230],
ZnO—-Au-Ni [231], CdS—Au [167, 168, 192, 195, 232—-249], InAs—Au [250, 251],
TiO,—Ag [252-256], TiO,—Au [257-267], Fe,O,—Au [268-280], a-Fe,O;—Au
[281, 282], Fe;O,—Ag [283-285], VO,—Au [286], MnO—Au [287, 288], SiO,—Au
[170, 289, 290], CuO-Ag [187, 291], Cu,0O-Ag [172], Cu,O-Au [292-294],
CdO-Au [295], In,O;—Au/Ag [173, 296], CoFe,O,—Ag [297], AgGaO,—Ag
(298], Bi,S,—Au [299], CdSe—Au [165, 201, 300-312], CdTe—Au [313], CdSe—Ag
[314], Ag,S—Au [163, 315-317], Ag,S—Ag [169, 171, 176, 318-321], AgBr-Ag
[322, 323], Cu,S—Au [324, 325], Cu,_,Se—Au [326], PbS—Au [269, 327-329],
PbSe—Au [330], PbTe—Au [331], SnS—Au [332], ZnS—Au [333-337], ZnSe
[338], CulnS,—Au [339], Cu,ZnSnS,—Au [340, 341], Si—Au [175, 197, 342, 343],
and Pt, Pd, or other noble metal-based composite nanosystems [344—412], by
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anisotropic or epitaxial growth of noble metals on various semiconductors/metal
oxides or vice versa through reduction, physical deposition, or photochemistry.

We are interfacing a number of forefront research areas in this period of
technology development. The invention and development in characterization
and measurement techniques such as high-resolution transmission electron
microscopy (HRTEM) offer the opportunity to study in great detail and manip-
ulate the nanostructures or nanomaterials often down to the atomic level, which
enables us to establish the synthesis—structure—performance relationship and
further direct the design of new materials with the desired performance. Noble
metal-based composite nanomaterials, which represent a powerful paradigm for
bottom-up construction of advanced materials, have emerged in the past decade,
and their progress is expected to further continue and intensify in the coming
years. The nanocomposites in their constituents are not new, and they are the
combination of existing materials and our synthetic capability to manipulate
at nanometer or atomic scale, which makes the composite nanomaterials so
compelling from the scientific viewpoint.

1.3 General Concepts in Wet Chemistry Synthesis
of Composite Nanomaterials

The understanding of the formation mechanism accounting for monodispersed
nanoparticles is necessary because it is helpful to develop improved synthetic
methods that can be universally applicable to various kinds of metal, semicon-
ductor, and oxide materials.

For single materials, the study on preparing uniform colloidal particles could
be dated back to the 1940s. LaMer and Dinegar proposed the concept of “burst
nucleation” through investigating the preparation of a variety of oil aerosols and
sulfur hydrosols [14, 413, 414]. In this process, they divided the formation of
colloidal particles into three stages (Figure 1.4), and assumed that many nuclei
are generated at the same time, and then these nuclei start to grow without the
need for additional nucleation. Because all of the particles are nucleated almost
simultaneously, their growth histories are nearly the same. This is the essence of
the “burst-nucleation” process, which makes it possible to control the size dis-
tribution of the ensemble of particles as a whole during the process of growth.
Otherwise, if the nucleation process also occurs during the formation of parti-
cles, the growth histories of the particles would differ largely from one another,
and would consequently make a great difference to the size distribution.

In the “burst-nucleation” theory, it is necessary to induce a single nucleation
event and prevent additional nucleation during the subsequent growth process
for the preparation of highly uniform colloidal solution. This synthetic strategy,
often referred to as “separation of nucleation and growth” has been extensively
used to synthesize monodispersed semiconductor nanoparticles, e.g. CdSe and
InAs [415, 416]. The seed-mediated growth method is the most apparent case for
the separation of nucleation and growth, wherein nucleation is physically sepa-
rated from growth using preformed nanoparticles as seed nuclei. This method
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utilizes heterogeneous nucleation to suppress the formation of additional nuclei
by homogeneous nucleation [417-420]. In this method, the preformed nuclei,
which have to be uniform in size, are introduced into the reaction solution and
then the monomers, which refer to the highly reactive species generated as the
synthesis is activated, are supplied to precipitate on the surface of the existing
nuclei. The monomer concentration is kept low during growth to suppress homo-
geneous nucleation. Seed-mediated growth is further divided into two categories:
the synthesis of homogeneous particles [417, 420] and the production of hetero-
geneous structures, such as core@shell structures [418, 419].

In the growth stage of nanoparticles, the agglomeration or aggregation of small
particles is inevitable in the absence of stabilizers as the thermodynamics favor
the minimization of the surface/volume ratio. Alternatively, the surface energy
can be well controlled by absorbing some capping agents [14, 21, 421]. The
capping agents play several key roles during the synthesis of the nanoparticles.
Indeed, they form complexes with the monomers, thereby tuning their reactivity,
while they simultaneously participate in an adsorption/desorption dynamics
at the surface of the growing clusters, which prevents them from aggregation
and uncontrolled growth [143]. In this sense, knowledge and studies in surface
science would be helpful in designing nanoparticles with desired sizes/shapes,
which might be featured with specific facets. In addition, both thermodynamics
and kinetics can affect the growth of metal nanoparticles. Compared with the
growth tendency, which is determined by thermodynamics, the crystal growth
paths are mainly dependent on the kinetics. Therefore, metal nanoparticles
at various transition states that are metastable thermodynamically could be
generated by carefully controlling the growth kinetics.

A number of suitable techniques have been developed to satisfactorily tailor
the size and size distribution of nanoparticles through balancing the relative
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depletion of monomers between the nucleation and growth stages, e.g. hot
injection, delayed nucleation, and digestive ripening [5, 422—430]. It is also
noteworthy that the capping agents can affect the specific surface energy of
the growing nanoparticles, which has important implications in the tuning of
their shape [5, 142, 428]. In brief, facet-preferential ligand adhesion can modify
the relative growth rates along the various crystallographic directions and/or
can favor the selective elimination of unstable surfaces by triggering oriented
attachment of particles. In the absence of additional circumstances that can
interrupt growth symmetry (e.g. the presence of foreign particle catalysts or the
application of external electric or magnetic fields), the capping agents remain
mostly responsible for the formation of nanoparticles in a variety of anisotropic
shapes, such as cubes, polyhedrons, rods, wires, polypods, and rings [142, 143].

The concepts developed for attaining colloidal single-material nanoparticles
could be extended to produce more elaborate composite nanomaterials. The
formation of nanocomposites (which are featured with one or multiple inor-
ganic interfaces between chemically and structurally different materials) using
solution-based syntheses follows the simple principle of the classical nucleation
theory, according to which the activation energy for continuous enlargement
of the preexisting particles in a solution (i.e. heterogeneous nucleation/growth)
is much lower than the barrier for the generation of novel nuclei (i.e. homo-
geneous nucleation) [431-433]. This concept has been elegantly demonstrated
by Cozzoli and coworkers through comparing with the traditional molecular
beam epitaxy (MBE) and chemical vapor deposition (CVD) techniques used for
accomplishing the formation of multilayered thin-film heterostructures onto
crystallographically oriented substrates [143, 146]. As schematically shown in
Figure 1.5, when a secondary material (referred to as “2” in the sketch) has to
be deposited over a preexisting seed substrate of a different material (denoted
as “1”), the sign of total Gibbs free surface energy change function, AGg, that
accompanies the heterogeneous deposition process, will dictate the tendency of
the system to adopt a given growth mode [431]:

AGg =7 =1+ 12 (1.1)

where y, and y, are the surface energies associated with the respective materials
(the solid/solution interfacial energies in the case of colloidal nanostructure in a
liquid medium) and y, , is the solid/solid interfacial energy. The former two terms
can be expected to be influenced by adhesion of foreign species (e.g. surfactants,
ligands, monomers), while the latter depends on the bonding strength and degree
of crystallographic compatibility of the concerned lattices.

If the secondary material exposes lower energy surfaces (y,<y,) and/or
attains good crystallographic matching with the substrate (y,, is small), then
its deposition will likely take place layer by layer, resulting in a continuous and
uniform coverage (AGg >0: Frank—van der Merwe mode in Figure 1.5a). As
opposed to this, if the secondary material is featured by higher energy surfaces
(yo>v,) and/or is significantly lattice mismatched (y, , is high), then it will tend
to deposit adopting the habit of a discontinuous island-like domain array as a
means of minimizing the overall interfacial area shared with the seed substrate
underneath (AGg < 0: Volmer—Weber mode in Figure 1.5b). Another possibility
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may involve a progressive two-mode deposition regime (Stranski—Krastanov
mode in Figure 1.5¢). In the early stages, the secondary material forms according
to a layer-by-layer growth (AGg >0). Subsequently, as the deposited layer
exceeds a critical thickness, segregation into discrete islands can be observed
(AGg <0) in response to the significant intensification of interfacial strain fields.
According to the scheme in Figure 1.5, the environment for generating
nanocomposites contains preformed nanoparticles of a target material, referred
to as the “seeds,” which serve as primary substrate centers for accommodat-
ing secondary inorganic domains of different materials upon reaction of the
respective molecular precursors. On the basis of the key principle of the classical
nucleation theory [142, 143, 428, 434], the energy barrier, AG; _, that has to be
surpassed for a given material to nucleate heterogeneously onto a preexisting
condensed phase (the seeds) is lower than the activation energy, AG; , required
to induce corresponding homogeneous nucleation of separate crystal embryos:

AG: . = f(O)AG" (1.2)

het hom

where the “wetting” function, 0<f(0) <1, depends on the particular sys-
tem geometry (e.g. size/shape of the seed substrates and of the material
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domains deposited thereon) and on the tension equilibrium attained at the
three-boundary seed/domain/solution region. Note that the barrier for the
growth of the heterogeneously nucleated domain, AGZrowth, is far smaller than
both AG; and AGj  and corresponds to the limiting case of complete wetting
(f(6) > 0 for # —0). In an equivalent way, heterogeneous nucleation can be
understood as requiring a much lower chemical potential of solution monomers
(proportional to their concentration) to be triggered, relative to homogeneous
nucleation:

Aptper < Aptpom (1.3)

The deposition regimes predicable on the basis of the evolution of the AG
function sign (Eq. 1.1) can be equally translated to the context of a seed-
mediated growth synthesis, whereby the energy gain justifying the preference
for a given topological configuration arises from a compensation mechanism
by which the surface and interfacial energy terms (Eq. 1.1) conveniently offset
with each other. For instance, following heterogeneous deposition on a highly
faceted seed, a secondary material can either attain continuous shell (hence,
leading to a composite particle with an onion-like geometry) or develop into
a discrete section (hence, giving rise to a dimeric heteroproduct), if complete
“wetting” is either realized for any of the facets exposed, or selectively for just
a few of them, respectively (Figure 1.5a). On the other hand, under conditions
favoring only partial “wetting” regime, one or more sufficiently extended facets
of the original seeds can accommodate multiple domains of the foreign material
(Figure 1.5b). As an intermediate evolutionary case, a transformation from a
metastable onion-like architecture (e.g. core—shell particles with an amorphous
shell) to a phase-segregated dimeric heterostructure could be expected as a
convenient pathway toward lowering of interfacial strain as crystallization
proceeds (Figure 1.5¢).

At this point, it is noteworthy that the creation of nanoscale heterointerfaces
in solution can greatly profit from binding of organic stabilizers or other solution
species, which can significantly impact the surface energy terms (i.e. y, and y,
terms) and therefore alter the ultimate Gibbs free energy balance. This potentially
transcribes into a unique flexibility in the synthesis of nanocomposites made of
structurally dissimilar materials arranged in nonequivalent topologies, provided
that properly engineered seeds are combined with heterogeneous deposition
routes characterized by suitable AG} ~and AG; _ parameters. However, the
interplay of kinetic processes associated, for example, with solution super-
saturation, reactant diffusion, and/or the inherent chemical reactivity of the
seeds and/or the particular molecular precursor selected, as well as operation
of unusual mechanisms by which misfit strain may be relieved can greatly
complicate mechanistic interpretation.

Although these general concepts have made significant successes for prepar-
ing noble metal-based nanocomposites with controlled sizes/shapes, gaining a
comprehensive understanding of how nanocomposites form is still very chal-
lenging. With respect to a large number of wet chemistry methods for synthesiz-
ing noble metal-based nanocomposites, in the following chapters of this book,
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various growth mechanisms accounting for noble metal-based nanocomposites
with different configurations are introduced.

1.4 Characterizations of Composite Nanomaterials

The progress of nanoscience and nanotechnology is largely owing to the rapid
development of material characterization techniques, which allow us to directly
observe the structure details of the materials at the nanometer scale as well as to
measure and manipulate the physical and chemical properties of the nanomate-
rials. In the case of nanocomposites consisting of noble metals and semiconduc-
tors or metal oxides, Fourier transform infrared (FT-IR) and ultraviolet—visible
(UV-vis) absorption spectroscopies can be normally employed to characterize
their structural functions and ligand integrity [276]. FT-IR spectroscopy can pro-
vide the information on functional group identities of the capping agents, while
UV-vis spectroscopy can be used to monitor the changes in plasmonic absorp-
tion of noble metals, particularly for Au and Ag [170-173, 239].

X-ray diffraction (XRD) is a commonly used tool to determine the compo-
sition of nanocomposites through characterizing the crystal phase of different
domains in the composite nanomaterials. For the composite particles dispersed
in nonpolar organic solvents such as toluene, dichloromethane, and hexane, sam-
ple preparation for XRD analysis usually begins with concentrating the colloidal
solution to 0.5 ml using flowing Ar or N,. Methanol or ethanol is then added to
precipitate the nanocomposites, which are then recovered by centrifugation and
washed with methanol or ethanol several times to remove nonspecifically bound
capping agents, e.g. oleylamine, alkylamine, and alkanethiol. The nanocompos-
ites are finally dried at room temperature in vacuum. For the composite particles
dispersed in polar solvent, e.g. water, the nanocomposites could be collected by
direct centrifugation or firstly transferred into nonpolar organic solvents, fol-
lowed by recovering using methanol or ethanol precipitation. XRD is usually not
solely used to deduce the formation of composite nanostructures as in the case
of core—shell-structured nanocomposites with ultrathin shells, the shell phase
might not be detected by XRD due to the change in lattice parameters of the
shell component.

X-ray photoelectron spectroscopy (XPS) is an electron spectrum based on pho-
toelectric effect. It uses X-ray photons to excite the inner electrons of the surface
atoms of the substance, and obtain the energy spectrum by energy analysis of
these electrons. In the field of nanoscience and technology, the most common
application of XPS is the analysis of surface composition and chemical valence
of the nanomaterials. Sample preparation for XPS is analogous to that for XRD.
After collection, the composite particles are pasted on a sample holder for XPS
measurements. XPS is an extremely important tool to analyze the lattice strain
effect (surface strain induced by growing a desired material on other materials
with different lattice constants) and electronic coupling effect (electronic inter-
action induced due to energy level alignments or difference in electronegativ-
ity) in noble metal-based nanomaterials with composite or other heterogeneous
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structures [141, 316, 398, 405, 435]. Through strong interaction between different
domains in these composite nanostructures, the lattice strain effect and elec-
tronic coupling effect often induce the shifts in binding energies of the corre-
sponding metal components, which can be sensitively detected by XPS.

In addition, other techniques such as thermogravimetric analysis (TGA) could
provide the mass percentage of capping agents in nanocomposites at different
decomposition temperatures. The metal contents in the nanocomposites could
be accurately determined by inductively coupled plasma atomic emission spec-
troscopy (ICP-AES).

Although the spectroscopic tools have been extensively used to obtain the
fundamental structural and compositional information about the composite
nanomaterials, they do not exhibit high spatial resolution. By comparison,
microscopy is perhaps the most popular technique adopted to characterize
materials at nanometer scales. Transmission electron microscopy (TEM)
exhibits high spatial resolution, and is an indispensable tool for the character-
ization of nanostructured materials. It can offer the most intuitive description
of the scale, scale distribution, morphology, and structure of nanomaterials.
For preparing samples for TEM measurements, a drop of the colloidal solution
is usually dispensed onto a 3-mm carbon-coated copper grid. The excessive
solution is then removed by an absorbent paper, and the sample is subsequently
dried in air or under vacuum at room temperature.

A typical feature of nanomaterials is their small particle size. Although the use
of optical spectroscopy, XRD, and XPS can show some structural features of the
nanomaterials, only with the use of TEM is it possible to obtain the visual image
of particles at nanoscale ranges. The TEM is unique and indispensable because it
provides a true spatial image of the nanomaterials and their surface atoms distri-
bution. Up to now, TEM has evolved into a multifunction instrument, which not
only provides atomic resolution of the lattice image but also gives the material
structure and chemical information in the 1-nm or even higher spatial resolu-
tion, so that directly identifying the chemical composition of a single nanocrystal
is possible. TEM can not only give an intuitive description of the morphology
of a single particle but also can provide its whole mappings, e.g. inner structure,
composition, defects, and lattice features, by combining with energy dispersive
X-ray spectroscopy (EDX), selected area electron diffraction, high-resolution and
high-angle annular dark-field scanning modes.

The most common application of TEM is an intuitive description of the size,
morphology, and size distribution of nanoparticles. The observation of the same
nanometer system at different times or stages through TEM can reveal the evo-
lution of the physical properties of nanocrystals [82, 83].

Noble metal-based composite nanomaterials often exhibit strong imaging
contrast between metal and semiconductor/oxide domains due to the difference
in their electron density, which render the structure of nanocomposites easy to
be identified. As a typical example, Figure 1.6 shows the TEM images obtained
on a Philips EM 420 microscopy for Fe;O,—Pt nanocomposites prepared by
epitaxial growth of iron onto Pt seed particles with different sizes followed
by Fe oxidation [351], in which the Pt and Fe;O, domains as well as their
average sizes could be clearly discerned. Further, the details in each domain
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Figure 1.6 TEM images of (a) 3-7 nm, (b) 3-10nm, (c) 5-12nm, and (d) 5-17 nm Pt-Fe;O,
nanocomposites; (e) HRTEM image of a 3-10 nm Pt-Fe,0, nanocomposites; (f) TEM image of
7-10 nm Pt-Fe,; O, nanocomposites with Pt nanocubes as seeds. Source: Wang et al. 2009
[351]. Adapted with permission of American Chemical Society.

of the Fe;O,—Pt nanocomposites can be revealed through analyzing the TEM
images in high-resolution mode. As indicated in Figure 1.6e, the HRTEM image
recorded by a JEOL 2010 microscopy for a 10- to 3-nm Fe;O,—Pt composite
particle suggests the epitaxial relation between Pt and Fe;O,. The distance
between two lattice fringes in 10-nm Fe,O, measured from the HRTEM image
is 0.22 nm, close to (400) plane spacing (0.212 nm) in inverse spinel structured
Fe;O,, while the interfringe distance in 3-nm Pt is 0.20 nm, corresponding to
(200) plane spacing (0.196 nm) in face-centered cubic (fcc) Pt. The epitaxial
relation between Pt and Fe;O, is also confirmed by the controlled growth of
Fe on the cubic Pt seeds. Figure 1.6f shows the TEM image of the 10- to 7-nm
Fe;O,—Pt nanocomposites obtained from the growth of Fe on the 7-nm Pt cubic
seeds followed by air oxidation of Fe. It can be seen that the Fe;O, grows on one
face of each Pt cube and adopts a cube-like morphology.

For the noble metal-based nanocomposites synthesized via seed-mediated
growth, by combing the TEM observation at scanning mode with the EDX
analysis, the structural information could be clarified. As a typical example,
Figure 1.7 shows the element mappings of two individual intermediates during
the formation of heterogeneous trimeric Fe;O,—Pt—Ag nanocomposites using
dimeric Fe;O,-Pt as seeds, in which the corresponding STEM-EDX maps for
Ag and an overlay of Ag, Pt, and Fe clearly manifest that several Ag domains
attached to both the Pt and Fe;O, surfaces. These observations support the
conclusion that the chemoselective addition of Ag to Pt—Fe;O, dimeric seeds
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Figure 1.7 (a) High-
magnification HAADF-STEM
image showing a
representative
Ag-(Pt-Fe;0,) intermediate
from the aliquot taken at
60 minutes into the
Ag-Pt-Fe, O, reaction. The
nanoparticles display small
domains attached to the Pt
and Fe, 0, surfaces of the
Pt-Fe,0, seeds, which are
confirmed to be Ag in the
corresponding EDX
elemental maps shown in
parts (b) and (c). Source:
Hodges et al. 2015 [386].
Adapted with permission of
American Chemical Society.

Fe + Pt + Ag

occurs through multiple Ag nucleation events, followed by coalescence onto the
Pt domain to form the final Fe;O,—Pt—Ag trimeric nanocomposites.

It is noteworthy that characterization of the nanomaterials using TEM requires
that the particle image must be obtained with right focus or only a slight deviation
from the focus (with respect to the proficiency of the operators). If large devia-
tion from the right focuses (i.e. large underfocus or overfocus) occurs, the image
information obtained for the samples will be completely wrong.

1.5 The Scope of This Book

In recent years, there have been tremendous developments in high degree of
control over nanocomposites in terms of their domain size, morphology, and
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composition. Further, extensive applications emerge in the field of photocatalysis,
as nanoscale sections of certain semiconductors or metal oxides combined with
appropriate noble metals as cocatalysts could allow the photogenerated charge
carriers to separate effectively for performing redox reactions with high effi-
ciency. Therefore, the potential for photocatalytic applications will be expected
to scale dramatically with an increase in the complexity of nanocomposites
that can be fabricated. In addition, composite nanomaterials based on noble
metals would be particularly useful for electrocatalytic applications. Adjacent
domains of semiconductors or metal oxides having different electron affinity and
appropriate energy-level alignment could either donate or withdraw electrons
from the noble metal domain through the permanent inorganic interfaces of the
nanocomposites, thus inducing the changes of the electron density around the
metal atoms. The changes in electron density would tune the catalytic property
of noble metals by altering the adsorption/desorption of reactants on the noble
metal catalysts.

We therefore prefer to devote this book to summarize the developments of
solution-based methods for the preparation of noble metal-based nanocompos-
ites, their characterization, and potential applications in catalysis so as to provide
the readers with a systematic and coherent picture of the field. Most of these
works have only been carried out in the past several years. Regarding the cre-
ation of great opportunities and tremendous challenges due to the accumulation
in nanocomposites, in each chapter and the final section of this book, we put
forth some perspectives for the future development of the noble metal-based
composite nanomaterials as well as their associated techniques and applications.
We hope that through this research effort, one can learn and expect the future
progress in synthetic ability would open up access to new breeds of nanoma-
terials with multiple functionalities, which could enable optical, optoelectronic,
magnetic, biomedical, photovoltaic, and specifically catalytic applications with a
high level of performance.

Synthesis of nanocomposites consisting of chemical distinct components
often requires specific solvent environments, and this makes phase transfer an
important technique in the fabrication of various nanostructures. Therefore, fol-
lowing the first chapter, we devote Chapter 2 to introduce an ethanol-mediated
phase transfer method, which is generic enough to transfer both metal ions and
nanoparticles from aqueous solution to a nonpolar organic medium. The transfer
protocol involves mixing the aqueous solution of metal ions or nanoparticles
with an ethanolic solution of dodecylamine (DDA), and extracting the coor-
dinating compounds formed between metal ions/nanoparticles and DDA into
toluene. This ethanol-mediated protocol could be applied toward transferring
a wide variety of transition and noble metal ions with efficiencies higher than
95%, and allows the synthesis of a large variety of metallic and semiconductor
nanocrystals to be performed in organic media using relatively inexpensive
water-soluble metal salts as starting precursors, thus offering necessary solvent
surroundings for the wet chemistry-based synthesis of nanomaterials. It is
therefore an important step preceding the fabrication of noble metal-based
nanocomposites with multiple functionalities.
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In Chapter 3, we start with a universal phosphine-free synthesis for metal
selenide nanocrystals, which might serve as seeds for the further fabrication
of semiconductor—noble metal nanocomposites. In this method, reduction of
elemental selenide (Se) with sodium borohydride in the presence of hydrophobic
alkylamines generates hydrophobic alkylammonium selenide species in situ. The
phosphine-free Se precursor is highly reactive, and suitable for the synthesis of
various metal selenide nanocrystals. Its high reactivity is also favorable to derive
core—shell CdSe@CdS quantum dots (QDs) in one-pot synthesis, without the
need for prior purification of CdSe cores, offering a greener and less expensive
route to the large-scale synthesis of metal selenide QDs. In the latter sections
of the chapter, we conduct a careful review on the advances in the literatures
associated with nanocomposites consisting of chalcogenide semiconductors and
gold, the topics being studied most sufficiently. Afterwards, the chapter focuses
on the experimental observations and mechanistic analyses on the composite
nanosystems consisting of metal sulfide and Au or/and Ag noble metals derived
from the ethanol-mediated transfer of metal ions. In the final section of the
chapter, the applications of a number of semiconductor—gold nanocomposites
in the synthesis of propargylic amines via a three-component coupling reaction
of aldehyde, amine, and alkyne in water are demonstrated.

Chapter 4 reviews the nanocomposites consisting of chalcogenide semiconduc-
tors and noble metals other than gold, mainly including Ag and Pt, as well as their
application in photocatalytic hydrogen generation. Motivated by their unique
property and great potential particularly in photocatalysis, nanocomposites con-
sisting of semiconductor and noble metals other than gold have also received
significant attention in recent years. These types of fascinating nanocomposites
based on radically different approaches are presently being developed and many
others remain to be exploited. In this respect, this and the following chapters may
provide different examples of some new uncharted territories opened in different
lines of the general field of composite nanomaterials.

Chapter 5 aims at presenting a facile, aqueous route for the synthesis of
nanocomposites consisting of silver sulfide (Ag,S) and different noble metals.
By reducing various noble metal precursors using citrate in aqueous phase in
the presence of preformed Ag,S nanocrystals, uniform semiconductor—noble
metal heterogeneous nanostructures are obtained as the dominant product. In
addition to binary nanocomposites, ternary and quaternary hybrid systems are
also achieved via the successive deposition of different noble metals on the sur-
face of Ag,S nanocrystals. A number of characterization techniques, including
TEM, HRTEM, high-angle annular dark-field scanning TEM (HAADE-STEM),
XRD, EDX, and XPS are employed to characterize the morphology of the
finally formed nanocomposites. In particular, the Pt-containing nanocomposites
are found to exhibit superior catalytic activity toward methanol oxidation
reaction (MOR), the key reaction in direct methanol fuel cells (DMFCs), due
to the electronic coupling effect between the ultrafine Pt crystallites and the
semiconductor domains.

Chapter 6 demonstrates the general synthesis of nanocomposites consisting of
silver chalcogenides (Ag,S or Ag,Se) and noble metal nanoparticles with a hol-
low or cage-bell structure for effectively coupling the various effects specific to
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the different domains of the nanocomposite for greater application versatility. The
synthesis is based on the inside-out diffusion of silver (Ag) in core—shell nanopar-
ticles. It begins with the preparation of core—shell nanoparticles, in which Ag is
located at the core or inner shell region. The Ag is then removed from the core
or from the internal shell and converted into Ag,S or Ag,Se by chalcogenide
precursors, e.g. elemental sulfur, sodium sulfide, or sodium selenide. The Ag,S
or Ag,Se forms the semiconductor domain in the nanocomposite and shares
solid-state interfaces with the remaining hollow or cage-bell-structured metal
nanoparticles. The structural transformation from core—shell to heterogeneous
nanocomposites may provide new opportunities to design and fabricate hybrid
nanostructures with interesting physicochemical properties.

Engineering the structure of Pt nanoparticles is an effective approach to
improve their catalytic activity on a mass basis. Chapter 7 demonstrates a strat-
egy for the synthesis of CdSe—Pt nanocomposites with a core—shell construction
and evaluates their catalytic properties in room temperature ORR and MOR.
By reducing Pt precursors with sodium citrate in the presence of previously
formed CdSe nanocrystals in aqueous phase, uniform core—shell CdSe@Pt
nanocomposites are obtained as the dominant product. The inner-placed CdSe
core is not only helpful for saving substantial amount of valuable platinum metals
but also offers a vivid example to investigate the lateral strain effect exerted by
the substrate on the deposited layers, and its influence on the catalytic activity
of metal catalysts.

Chapter 8 demonstrates the exploration of Pt-containing semiconductor—noble
metal nanocomposites as selective electrocatalysts for DMFCs. Pt-based
nanocomposites with enhanced catalytic activity and high selectivity for DMFC
reactions are designed and fabricated for sufficiently making use of the structural
uniqueness and electronic coupling effects among the different domains of the
composite electrocatalysts so that the DMFCs can be operated well without
or with little dependence on the proton exchange membrane. This chapter
emphasizes the controllable syntheses, characterizations, and electrochemical
measurements of the Pt-based nanocomposites and the evaluation of their
performance as selective catalysts in a prototype of membraneless DMFC and
a DMFC operated using high-concentration methanol as fuel. The intrinsic
relationship between the catalytic properties and the synergistic effects in the
Pt-based nanocomposites might provide for theoretical and technical bases for
effectively developing electrocatalysts with low cost, enhanced activity, and high
selectivity.

Chapter 9 introduces the research advances in the synthesis and application
of nanocomposites consisting metal oxides and noble metals, particularly
highlights the general strategies to produce dumbbell-like nanocomposites that
contain noble metal and magnetic nanoparticles, and illustrates the interesting
optical and magnetic properties found in these composite particles. Then the
chapter focuses on the innovative strategies developed in recent years for
underpinning oxide-based nanocomposites with atomic dispersion of noble
metals as electrode materials for supercapacitors and as highly efficient catalysts
for oxidation of volatile organic compounds (VOCs). The procedures and the
information provided in the chapter are general and beneficial, and may suggest
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a competent way to efficiently utilize the noble metals and offer a constructive
concept to design cost-effective and more active noble metal-based composite
materials for energy storage and environmental remediation.

In Chapter 10, we aim at introducing a number of interesting scientific
phenomena observed during the syntheses and characterizations of composite
nanomaterials. The mechanisms behind these scientific issues and their potential
applications are also discussed in the chapter based on the specific features of
these discoveries. These interesting scientific phenomena or physical/chemical
processes would not only satisfy everlasting human curiosity but also promise
new advances in nanoscience and nanotechnology, e.g. design of complicated
noble metal-based nanocomposites and highly efficient electrocatalysts with
superior activity and durability.

1.6 The Road Ahead

As we review in this work, the overall size of noble metal-based heterogeneous
nanocomposites produced using current solution-based approaches is no smaller
than 10 nm, and this is not optimum for catalysis. Next, reducing the overall size
of the composite nanomaterials might be an effective way to obtain highly effi-
cient catalysts. In this sense, using Au or Ag nanoclusters with average size of c.
1 nm as starting materials to prepare nanocomposites consisting of noble metals
and semiconductors/metal oxides might be considered. The finer overall sizes of
composite nanomaterials may further boost their activity, durability and selec-
tivity for diverse catalytic reactions.

The synthetic strategies already demonstrated and currently available provide
a wide range of composite nanomaterials with various physical/chemical charac-
ters. The high degree of control over their sizes, compositions, and morpholo-
gies is of particular interest, with achievement of site-, facet-, and shape-specific
selective metal deposition. The progress in this field, which is expected to fur-
ther continue and intensify in the coming years, is directed toward achieving
nanocomposites with increased changes in their metal and semiconductor parts,
e.g. increased compositions and sophisticated architectures for further tailor-
ing the catalytic, synergistic optical, electronic, and electrical properties of the
semiconductor—metal interfaces.

Recent research efforts have demonstrated the great potentials of Pt- or
Pd-containing semiconductor—noble metal nanocomposites in electrocatalysis
due to the electron coupling effect among their different domains. By optimiz-
ing both the composition and domain sizes for the composite nanosystems,
further enhancement in their electrocatalytic property could be expected. The
semiconductor—metal nanocomposites could also be of interest as advanced
functional materials, and as catalysts for other reactions, such as organic and
pharmaceuticals synthesis, environmental catalysis, and oxidation/combustion
reactions. Further challenges in noble metal-based composite nanomaterials
are to enlarge the selection of noble metals and semiconductors via known
and innovative synthetic strategies for developing nanocomposites with more
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combinations, architectures, and higher complexity so than the coupling effect
among different domains or components could be maximized and optimized.
This would render the composite nanomaterials more favorable for given
technological applications.

Combining conventional wet chemistry methods for synthesizing metal
oxide—noble metal nanocomposites with the galvanic replacement reaction
offers an effective approach to control the deposition and dispersion of different
noble metals on the surface of metal oxide substrates. The procedures may
provide for a competent way to efficiently utilize the noble metals and offer a
constructive concept to design cost-effective and more active noble metal-based
composite materials for energy storage and environmental remediation.

Regarding the creation of great opportunities and tremendous challenges
due to the accumulation in nanocomposites, in the final chapter of this book
(Chapter 11), we put forth some perspectives for the future development of the
metal-based composite nanomaterials. The human being is interfacing a number
of forefront research areas in this period of technology development. Through
the research efforts on using wet chemistry methods to integrate materials
with distinct physical and chemical properties into a single nanosystem for
providing multiple functionalities, the scientific communities wish to establish
innovative methodologies to influence a rethinking of the current processing
technologies: to move toward molecular-level control and regulation; and away
from the “top-down” approach and the stringent and expensive control inherent
in conventional manufacturing processes.
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