10. Nanostructures of Common Metals

Melinda Mohl, Krisztian Kordas

Since nanosized metals with magnetic features,
and porous and noble metals, are discussed in
other chapters of this handbook, here we present
a complementary, comprehensive review on other
metal nanostructures. Accordingly, this chapter is
devoted to review the strategies of synthesis as
well as properties of the most common transition-
and post-transition-metal nanoparticles. Par-
ticular attention is paid to scalable production
methods and enabled or foreseen applications of
such metals, including low-melting-point lead,
bismuth, tin, and indium, some of the refracto-
ries including tungsten, molybdenum, tantalum,
and titanium, as well as a few more of the very
commonly used metals such as copper, aluminum,
and zinc. The review is expected to help the read-
ers to get a glance at the state-of-the-art in the
field and to foster new studies to overcome chal-

Looking at the Periodic Table of elements, we find
about 80 natural/stable isotopes of metals that are non-
magnetic and nonprecious. Among these, the alkali and
alkali-earth metals (s-group) are extremely reactive, and
the lanthanoids and actinoids (f-group) and some of the
d-group metals are of low abundance, leaving roughly
20 elements that can be considered as practical choices
for large-scale industrial use in metallic form, especially
when talking about nanoparticles. Though each metal
has its peculiarities, the basic rules concerning their
size-dependent physical properties follow the general
trends observed when talking about nanosized struc-
tures of other metals. Small crystal size can result in:
increased chemical reactivity due to the relatively large
number of surface atoms and vacancies at specific crys-
tal edges and apices, melting point depression because
of the large surface energy, decreased electrical and
thermal conductivity due to the more pronounced elec-
tron and phonon scattering at the crystal boundaries, the
appearance of molecular-like electronic states instead of
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lenges associated typically with controlled bulk
production and exploitation of this family of
nanomaterials.

the ordinary overlapped valence and conduction bands
giving rise to the onset of semiconducting/semimetallic
behavior in very small clusters or very thin wires, the
appearance of magnetic polarization, etc. [10.1-13].

Since the pioneering work of Grangvist and
Buhrman [10.14], quite some efforts have been devoted
to synthesize and study fine metal particles, and to de-
termine how their properties, which may differ from
those of their bulk counterparts, could be exploited for
the benefit of various industries [10.15-23]. Synthesis
methods may be divided into physical and chemical
routes. Within these, we can further distinguish crystal
growth with or without a template. The common fea-
ture in most of these methods is how the nanoparticles
form:

1. Decomposition/reduction of precursor material or
evaporation of metal atoms/clusters,

2. Formation of nuclei, and finally

3. Nanocrystal growth.
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In this chapter, we select 11 metals — aluminum,
bismuth, copper, indium, lead, molybdenum, tantalum,
tin, titanium, tungsten, and zinc — which we consider

10.1 Post-Transition Metals

Metals of the p-block elements — and in some classifi-
cations also Zn, Cd, and Hg — belong to the category
of post-transition metals. Though the chemical proper-
ties of p-block metals can be very different due to the
rapid decrease of their metallic character with decreas-
ing number of periods and increasing group number,
common features of these metals are their low melt-
ing point, ductility, and moderate electrical as well as
thermal conductivity (except for aluminum, which has
superior electron and phonon transport behavior com-
pared with most of the metals in the entire Periodic
Table of elements). In Sect. 10.1, we consider lead, bis-
muth, tin, indium, and aluminum, as the most frequently
applied metals of the p-block elements with reasonable
potential in future nanodevices [10.24,25].

10.1.1 Lead, Bismuth, Tin, and Indium

Lead, bismuth, tin, and indium, typically known for
their low melting point, ductility, and good wetting
by other metals, are all predestined to be excellent
soldering materials. Owing to their low Young’s mod-
uli (Epp = 14.0 GPa, Eg; =31.7GPa, Es, =41.4 GPa,
and E1, = 12.7 GPa) [10.26] compared with other ordi-
nary metals (e.g., Ecy = 110 GPa, E5; = 68.0 GPa, and
Ew = 400 GPa), soft mechanical bonds are enabled and
used in sealing, plumbing, as well as (solid-state) lubri-
cation. The electrical properties, which depend also on
the crystal size of these materials, also have some pecu-
liarities. Lead has a relatively high superconductivity-
transition temperature (7 ~ 6K [10.27, 28], one of
the highest values among pure metals). Bismuth has
a very high thermoelectric coefficient (S~ —30 to
60 uwV/K [10.29, 30], depending on crystal size) and
large mean free path of carriers [10.31-36], and shows
semiconducting behavior on the nanoscale [10.37-39],
suggesting applications in novel electronic devices. Al-
though many studies deal with the superconducting
behavior of nanowires of tin and indium, demon-
strating shape- and size-dependent [10.40—42] proper-
ties [10.43,44], real applications of these nanostructured
metals are mainly related to lead-free electronics pack-
aging [10.45], catalysis [10.46], and batteries [10.47],

as the most relevant ones, and present a review on
their synthesis and applications reported in the open
literature.

although they are also used as a sacrificial template
for galvanic exchange plating [10.48] or as a start-
ing material of the widely used tin and indium oxides
and other compounds. Accordingly, a large number
of different methods have been developed to gen-
erate both Pb [10.49-64] and Bi [10.31-36, 65-76]
nanostructures of various shapes and sizes [10.49—
56].

Lee and coworkers recently demonstrated a vapor
condensation method to synthesize zero-dimensional
Pb nanoparticles by evaporating high-purity lead in Ar
atmosphere at 0.1-2Torr pressure [10.57]. The par-
ticles were collected by thermophoresis using a steel
plate cooled with liquid nitrogen. The mean size of
the nanoparticles could be varied from 4.5 to 86 nm.
Another useful route leading to nanoparticles was de-
veloped by Dang et al., in which a surfactant-assisted
solution-phase approach was applied to generate
nanoparticles with average diameter of 40nm [10.53].
First, Pb granules were dispersed in stearic acid con-
taining paraffin oil at 330°C. Small droplets of lead
were generated by a stirring force, immediately reacting
with stearic acid to form a lead stearate layer around the
droplet. Tribological measurements of the nanoparticles
dispersed in paraffin oil showed that, even at very low
concentration, the antiwear performance was markedly
improved.

In a set of publications [10.49, 50], Xia and
coworkers demonstrated a bottom-up approach for
chemical synthesis of Pb spherical colloids by ther-
mal decomposition of lead acetate in the presence of
tetra(ethylene glycol) (TEG) and poly(vinyl pyrroli-
done) (PVP). Large quantities of single-crystal Pb
nanowires [10.54, 58] (Fig.10.1a) can be obtained
under conditions similar to in the aforementioned
approach; however, the reaction must be performed
in ethylene glycol. In comparison with the evolu-
tion of face-centered cubic (fcc) metal nanowires,
ethylene glycol here only serves as a high-boiling-
point solvent to facilitate thermal decomposition of
the precursor, while the major function of PVP is to
prevent Pb nanoparticles from aggregating in the nu-
cleation stage. The growth mechanism (Fig.10.1c,d)
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Fig.10.1 (a) Scanning electron microscopy (SEM) image
of Pb nanowires prepared in ethylene glycol in the pres-
ence of PVP. Inset shows the rectangular cross-section of
the nanowires. (b) SEM image of hexagonal and triangu-
lar flakes of Pb synthesized by increasing the amount of
PVP. (c) Schematic image of the presumed mechanism for
nanowire growth. (d) Transmission electron microscopy
(TEM) image of a growing nanowire; insets show selected-
area electron diffraction (SAED) patterns of its root and
stem. (After [10.58]) »

of these nanowires is believed to be a combina-
tion of the solution-liquid—solid (SLS) [10.59] method
and the Ostwald ripening phenomenon. In addition
to nanoparticles and nanowires, Pb hexagonal and
triangular nanoprisms (Fig. 10.1b) have also been re-
ported [10.55, 58]. The preparation of thin plates
(thickness < 100nm) is based on a kinetically con-
trolled polyol process.

Another useful route to synthesize one-dimensional
nanostructures is to load materials into the channels of
porous membranes such as track-etched polycarbonate
(PTCE), anodic aluminum oxide (AAO) or meso-
porous silica membranes (e.g., MCM-41, SBA-15).
Loading of these porous structures can be achieved
by a wide variety of techniques, such as liquid-phase
injection, vapor-phase sputtering, and chemical or elec-
trochemical deposition. Besides porous mesoscopic
membranes, crystal surfaces with specific steps and
edges may also be used as templates for self-ordering
nanoparticles [10.60-64]. One of the major problems
associated with such template-directed methods is the
difficulty in achieving single-crystalline nanowires in
large quantities.

Among the physical methods, evaporation, liquid-
phase injection into channels of alumina templates
[10.32,34], as well as breaking up of elongated molten
filaments under shear force [10.51, 52] have been uti-
lized to obtain nanostructures of bismuth.

Chemical growth of bismuth nanocrystals was
demonstrated by a set of various chemical processes
including hydrothermal reactions [10.35, 65], synthe-
sis in reverse micelles [10.66], decomposition/reduction
of organometallic precursors and inorganic bismuth
salts [10.35,65,67,70-72,76], and PVP- and/or polyol-
mediated syntheses [10.50, 51, 68]. Polyol-mediated
methods are of great importance as they allow large-
scale synthesis, and most importantly the shape and
size of the particles are easy to control by adjusting
the ratio of reactants [10.68]; For instance, Wang and
coworkers [10.73] (Fig. 10.2d) showed that, depending

° Source
particles

~—— Wire (stem)

Growth direction

Root

on the Bi/PVP ratio, nanocubes, triangular nanoplates
(Fig. 10.2¢), and nanospheres of bismuth could be ob-
tained. By adding a trace amount of Fe’*, nanobelts
may also be produced.

Sn and In nanostructures are mostly synthesized in
a similar fashion to Pb and Bi (i.e., physical vapor
deposition and chemical reduction in templates or in
solution) [10.43, 47, 77-79]; however, due to the very
low standard reduction potential of In (E° = —0.34V),
stronger reduction conditions are usually needed than
are applied for the other metals [10.43,77-79].

B T
Fig.10.2 (a) SEM image of Bi spherical colloids pre-
pared by the top-down method. (After [10.51], 2012 ACS)
(b) TEM image of Bi nanoparticles. (After [10.70],
2012, RSC) (c,d) TEM and SEM images of Bi triangular
nanoplates and nanobelts. (After [10.73])
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Fig.10.3 (a) Schematic of CVD growth of Al nanowires.
(b) TEM image of VO,-coated Al nanowire. (Af-
ter [10.80])

10.1.2 Aluminum

Owing to its wide variety of beneficial properties — such
as low density, high strength-to-weight ratio, ductility,
electrical conductivity, and corrosion resistance —
bulk-phase metallic aluminum is widely used in the
packaging, transport, and construction industries, in
household appliances, in electronic devices, etc. It is
worth pointing out that Al is one of the most abun-
dant elements in the Earth’s crust; however, it is almost
always found combined with other elements due to
its high reactivity. Because of the low standard re-
duction potential (E° = —1.66 V), aluminum ions can
be reduced almost only with alkali metals. In prac-
tice, electrolysis of a melt of NazAlF3-Al,O3-CaF,
(and alternatively other additives such as AlFz, MgF,,
and KF) is applied for bulk production [10.81]. To
date, two main types of methods have been devel-
oped for low-temperature electrochemical deposition
of Al from nonaqueous solutions. For the first proce-
dure, which was demonstrated in the 1950s [10.82],
AICl3 together with LiAlH4 or LiH is dissolved
either in tetrahydrofuran or diethylether. In recent
electrochemical deposition techniques, various ionic
liquids [10.83-85] are used as solvents for aluminum
chloride.

Aluminum nanostructures have been researched and
used for several decades in optical coatings and in
electrically conductive wiring in micro- and nanoelec-

10.2 Transition Metals

The elements of the d-block are usually referred to as
transition metals and have an incomplete outer d-shell
of electrons. In a strict sense, Zn with its electron con-
figuration [Ar]3d'%4s? is not a member of this group,
and actually shows quite similar chemical properties
to alkali-earth elements. Since most textbooks treat the

tronics, since Al thin films are quite easy to produce
by thermal evaporation [10.86, 87] and sputtering of
the pure metal or by chemical vapor deposition, e.g.,
from Al-alkyl precursors [10.88-90]. Nanosized pat-
terns of thin Al films are routinely obtained by e-beam
lithography [10.91, 92]. A further advantage of using
aluminum is the thin, self-limiting native oxide layer,
which grows rapidly on exposure of the surface to am-
bient air. This oxide may be directly used as electrically
insulating passivation, or it can be etched easily if not
needed. Apart from electrical and optical devices, Al
nanoparticles (NPs) have also attracted interest as a fu-
ture fuel or propellant material owing to the energetic
bonds that form on oxidation of Al with oxygen or
halogens [10.93,94].

Various methods to produce aluminum nanostruc-
tures have been reported lately. Mahendiran and
coworkers [10.95] demonstrated synthesis of NPs of ca.
25 nm diameter from a solution of AICl3 and LiAlH4 in
THF using a combined electro- and sonochemical route.
Foley et al. reported a chemical route, in which triethy-
lamine alane in heptane solution is decomposed at 70 °C
in the presence of Ti-isopropoxide, yielding NPs with
size from 50 to 500 nm [10.96]. Pulsed laser ablation
of Al targets under ethanol or in vacuum — as a rather
generic route to prepare various metal nanoparticles —
has also been utilized to form Al NPs [10.97-99].

Template-directed techniques offer a plausible way
to grow Al nanowires (NWs) too. Electrodeposi-
tion from ionic-liquid-based electrolytes [10.100, 101]
and injection molding of molten Al metal [10.102]
in porous templates have been reported. Aluminum
nanowires can be synthesized, in a similar fashion
as Zn or Sn, by employing physical vapor deposition
(PVD) techniques based on vapor—solid (VS) growth
mechanism [10.80, 103]. Benson and coworkers de-
composed H3AIN(CH3)3 precursor at temperatures of
125-300°C to produce Al nanowires of 45-85nm
diameter on Ni, Cu, and steel surfaces and then used
them as a large-specific-surface electrode material for
supercapacitor application (Fig. 10.3) [10.80].

elements of the Zn group together with the transition
metals, here we also discuss it along with copper and
some of the refractory metals [10.24,25,104]. Titanium,
tungsten, molybdenum, and tantalum as hard, mechan-
ically and thermally durable materials are listed after
each other in this section. Not only their physical but
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also their chemical properties — stemming from their
relatively low standard reduction potentials — tie these
elements together.

10.2.1 Titanium

Physical vapor deposition methods are among the plau-
sible routes to form nanosized structures of titanium.
Evaporated thin films and e-beam lithography-defined
patterns represent the mainstream of fabrication, and are
used in generating catalyst nanoparticles, thin coatings,
as well as electrical components.

Electron-beam-deposited thin (< 1nm) titanium
films have been applied as a solid precursor on a Si sur-
face for titanium silicide nanoparticle formation. When
annealing the film in Hy at 670-900 °C, the metal dif-
fuses into the substrate and forms a silicide phase,
which is catalytically active for subsequent chemical
vapor deposition (CVD) of Si nanowires [10.106].

Lehtinen and coworkers fabricated Ti nanowires
(tens of micrometers long, less than 50 nm in diam-
eter) on a Si surface using e-beam lithography followed
by evaporation in ultrahigh-vacuum conditions. Low-
energy ion milling was applied to decrease the diameter
of the nanowires, allowing size-dependent analysis of
electrical transport behavior. Experiments carried out
below 1 K showed that the critical temperature for su-
perconductivity is reduced and that broadening of the
transition temperature range occurs with decreasing
wire diameter. This latter effect is due to quantum fluc-
tuations of the order parameter, which may be utilized
to construct new quantum devices such as qubits and
standards of electric current [10.107, 108].

Titanium is known to form strong bonds with a num-
ber of different types of solid surfaces, and thus Ti
(and also W and Ta) is frequently used as an adhesion-
promoter sublayer for thin films of other metals (such
as Au, Pt, Cu, and Ni) to be deposited on plastics or
metal oxides/nitrides [10.109]. While most of the met-
als directly adhere to Ti, the reason for good sticking
to oxides (and some polymers) is the —OH-terminated
Ti surface, which may easily form when the surface
is exposed to ambient air or to traces of oxygen and
water vapor in the vacuum chamber. The interaction be-
tween the hydroxyl groups of a Ti surface and, e.g., the
hydroxyl, carboxyl, and amine groups of the other sur-
face can result in H-bonding or eventually in covalent
Ti-O-Me (where Me is a metal) bonds if a condensa-
tion reaction takes place, similar to those exploited in
nanotransfer printing [10.110]. Carbon also seems to
have a reasonably strong interaction with titanium, as

Fig.10.4 (a) SEM and (b) TEM images of Ti nanowires
synthesized on a Ti plate in 5% HCI solution at 180 °C.
Inset shows a selected-area electron diffraction pattern.
(After [10.105])

concluded by Zhang and Dai after studying e-beam-
evaporated Ti films deposited on single-walled carbon
nanotubes (SWCNT). Titanium films form thin con-
tinuous coatings, in contrast to other metals (such as
Au, Pd, Fe, and Al), which tend to agglomerate to par-
ticles. The as-made Ti coating may be used as a metal
nanotube with a coaxial carbon nanotube (CNT) inte-
rior, or alternatively can be applied as a buffer layer
or adhesion promoter for other metals, thus enabling
synthesis of multilayer structures having single-walled
carbon nanotubes in their core, Ti in the mid-layer, and
a tubular metal coating layer (Au, Pd, Fe, and Al) out-
side [10.111].

While pulsed laser ablation (PLA) of a Ti target in
vacuum has been demonstrated as a potential tool for
generating nanoparticles of Ti [10.112, 113], somehow
PLA has not become a practical production method for
metallic Ti NPs during the past years. Instead, TiO;
nanoparticles have been synthesized by ablating a metal
target submerged in water [10.114-116].

Chemical synthesis of Ti has also been demon-
strated by a variety of methods. Though it was found
impossible to reduce Ti** to Ti with NaBHy in ionic lig-
uids [10.117], chemical vapor deposition from a TiCly
precursor at 640—670 °C followed by annealing in Hp
at 920°C was sufficient to produce Ti-rich nanosized
islands on Si wafers and to form TiSi, catalyst particles
for subsequent Si nanowire synthesis [10.118]. Corrias
and coworkers applied potassium intercalated multi-
walled carbon nanotubes (MWCNTs) as templates with
reducing behavior to generate a-Ti (hexagonal close-
packed, hcp) nanoparticles of 2 nm size on the surfaces
of CNTs from Ti isopropoxide [10.119].

A facile route to produce Ti nanowires on Ti
plates was proposed by Wu and coworkers [10.105].
In their method, Ti surfaces were etched in dilute
(5%) aqueous HCI solution at elevated temperature
(150-200°C) in an autoclave, resulting in the for-

C°0T |9 Med



394

0T |9 1ed

Part B

NanoMetals

mation of nanowire forests on the surface (Fig.10.4).
When decorated with Pt nanoparticles, the Ti nanowire-
supported materials could be used as high specific
surface area catalytic electrodes with low charge-
transfer resistance (85 Q/cmz), e.g., for oxidation of
methanol [10.105].

Another interesting route to produce Ti nanowires
was proposed by Huang et al. [10.121]. They used
electrochemical (anodic) etching of NiTi substrates in
20% H>SO4 and 80% methanol solution (at 18 V for
60s), yielding single-crystal titanium nanowires along
the (110) directions of the substrate.

While both chemical- and electrochemical etching
techniques were suitable to form Ti nanostructures on
Ti or Ti-containing surfaces, attempts to obtain metallic
Ti on conductive surfaces by electrodeposition seemed
to fail. In their work, Endres et al. showed that metal-
lic titanium cannot be electrodeposited from titanium
halides and isopropoxide when using ionic liquids (ILs)
as solvents despite the wide electrochemical window
offered by the solvents. They suppose that the un-
derlying reason is the insolubility of partially reduced
nonstoichiometric halide and oxide products in the
ILs [10.122].

As synthesis of truly metallic Ti nanostructures is
mainly limited to low-throughput methods, applications
of such structures have not really spread into daily
use in commercial devices. However, once large-scale
production of Ti nanoparticles or nanowires and their
packaging to prevent, e.g., their oxidation become pos-
sible, a series of novel and fascinating applications may
be realized according to computational studies reported
lately.

First-principles total-energy calculations revealed
that Ti atoms adsorbed on the surface of SWCNTSs are
able to bond four H, molecules per Ti atom because
of a unique hybridization of the Ti-d, H-o*, and C-
p orbitals. Though calculations for nanoparticles were
not performed, the results suggest hydrogen storage and
catalyst applications [10.3]. Molecular dynamics (MD)
simulations showed that ultrathin (d < 2nm) Ti NWs
have helical structure with molecule-like electronic
states for diameters below 1 nm and bulk-like behavior
above that [10.5]. The melting temperature of similar
ultrathin Ti NWs with multishell cylindrical structures
was calculated (by MD simulations) to be lower than
that of the bulk metal but higher than that of nanoparti-
cles of similar size (i.e., less than 1.2 nm in diameter).
The computed smooth heat capacity versus temperature
curve and the sensitivity of bond length fluctuation to
temperature suggest the coexistence of liquid and solid

phases due to finite-size effects [10.4, 6]. Though bulk
Ti is a paramagnetic material, deformed nanowires of Ti
are predicted to show ferromagnetic ordering due to the
polarization of the d-electron states [10.7, 8].

10.2.2 Tungsten

Large amounts of bulk-phase tungsten are used in hard
materials such as tungsten carbide and in alloys that
provide high mechanical strength and corrosion resis-
tance. Owing to its good electrical conductivity and
good wetting properties, tungsten is a component of
under-metallization layers in integrated circuits (sim-
ilar to titanium and molybdenum). Its high melting
point and low vapor pressure at elevated tempera-
tures allow high-temperature applications in vacuum
tube filaments, heating elements, and incandescence
lamps.

Interest in tungsten nanostructures has been grow-
ing steadily as they may find use in applications
as pH-sensitive electrodes [10.123], atomic force mi-
croscopy probes [10.124], and field emitters [10.125,
126], and in components of nanoelectromechanical sys-
tems [10.127].

Metal nanoparticles can be obtained by reduc-
ing tungsten oxides at 500°C in Hp [10.128], in
contrast to microparticles requiring 900 °C [10.129].
Nanoparticles of tungsten (with oxide shell) have also
been prepared by reducing a metal complex by an
organopolysilane oligomer at low temperature [10.130].
Further synthesis procedures include thermal decompo-

Fig.10.5 Growth mechanism of tungsten nanowires by
a vacuum pyrolysis carbothermal (VPC) process from
a mesolamellar precursor. (After [10.120])
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10ym . .
Fig.10.6 Tungsten nanowires prepared by directional so-

lidification and electrochemical processing of NiAl-W
eutectic alloy. (After [10.140], courtesy of Wiley-VCH)

sition of W(CO)g [10.131, 132], sonoelectrochemical
reduction from citrate complexes [10.133], e-beam-
induced radiation damage of WO3 [10.134], pulsed
laser ablation of a W target in He atmosphere [10.135],
ultraviolet (UV) laser-assisted chemical vapor deposi-
tion from WFg/Hy/Ar [10.136], and e-beam-induced
decomposition of W(CO)e¢ [10.137, 138]. Besides
nanoparticles, only a few reports have been published
on synthesis of one-dimensional tungsten nanostruc-
tures [10.120, 139-141].

In a novel method, metallic tungsten nanowires with
diameters of 20—80 nm and lengths of several microm-
eters have been obtained in large quantities [10.120]
by Li and coworkers. First, mesolamellar tungsten
oxide-surfactant precursor (WO-L) was generated un-
der mild hydrothermal conditions. Then, a vacuum
pyrolysis/carbothermal (VPC) process was applied
to remove the surfactant species from the lamellar
inorganic-surfactant precursor. The authors proposed
a new mechanism (Fig. 10.5) for the nanowire forma-
tion including four steps:

1. Evolution of cetyltrimethylammonium (CTA)-WO4
ion pairs

2. Formation of highly ordered lamellar assemblies

3. Development of scrolls by rolling up of lamellar
sheets owing to vacuum heating

4. Reduction of tungstate by pyrolytic carbon.

High-aspect-ratio single-crystalline NWs with a thin
oxide layer were successfully synthesized by direc-
tional solidification and electrochemical processing of
NiAI-W eutectic alloy (Fig. 10.6) [10.140] and by rapid
thermal annealing of W films [10.126]. Catalytic syn-
thesis based on a vapor—solid—solid (VSS) mechanism

route was reported by Wang and coworkers. Tungsten
powder mixed and then annealed together with NiNO3
was used to prepare WO3 and NiWOy, which in turn
was reduced with Hp [10.142] to obtain W nanowires
as the product with Ni nanoparticles at the tip of the
wires.

10.2.3 Molybdenum

Bulk molybdenum is primarily utilized in metallurgy
to prepare alloys with advanced wear- and corrosion-
resistance behavior. When going to the nanoscale, direct
applications of Mo are very rare and limited to catalysis
mainly. Though nanoparticles or clusters of this metal
are relatively easy to synthesize by both chemical [10.9,
143-148] and physical [10.149-151] methods, its prac-
tical/industrial relevance — other than in catalysis —
seems to be negligible compared with molybdenum ox-
ides and sulfides, and is mainly the focus of academic
research today [10.10-13].

However, molybdenum sulfides and oxides are
widely studied and used, e.g., in tribology (wear and
friction of surfaces) [10.152,153], in catalysis [10.154—
161], and in catalytic electrodes for supercapacitors and
fuel cells [10.162-165], as well as holding promise for
use in novel electrical components [10.166—-168]. So
far, the petrol industry has been the major user of MoS;
catalyst nanoparticles (and their different modified
derivatives) on alumina support for hydrodesulfuriza-
tion (HDS) of hydrocarbons [10.154—-157]. Apart from
HDS, sulfides are also considered to be useful in cat-
alyzing methanation [10.158] and in H, generation
reactions [10.159, 160].

10.2.4 Tantalum

While nanostructures of carbides, oxides, nitrides,
oxynitrides, and sulfides of tantalum are routinely syn-
thesized by, e.g., vapor—solid reaction, chemical vapor
deposition, laser ablation, surface-assisted chemical va-
por transport, anodization, and sputtering, and used
in superconductor, photocatalyst, and other applica-
tions, research on metallic Ta nanoparticles is rather
sparse [10.169-179]. The reason is similar to that of
other transition metals: it is difficult to reduce from its
oxidized state, and once reduced, it iS prone to oxi-
dation under common environmental conditions. There
are, however, some interesting methods to produce and
utilize Ta nanostructures.

Mativetsky and coworkers have grown nanoparti-
cles (and self-aligned chains of those along surface
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20 nm 20 nm [

Fig.10.7a=d Tantalum nanoparticles formed on KBr 001
surface after e-beam deposition of (a,b) 0.6 and (c,d) 1.8
molecular layers. Images in panels (a—c) were acquired
using non-contact-mode atomic force microscopy, while
the image in panel (d) was taken by transmission elec-
tron microscopy. Arrows indicate gaps between adjacent
nanoparticles nucleated at a step. (After [10.180])

steps) on single-crystal KBr by e-beam deposition
(Fig. 10.7). Despite the cubic lattice of the substrate, the
Ta particles form as separate islands with fractal-like
shape, suggesting poor interaction between the sub-
strate and the nanoparticles [10.180].

Nanoparticles of Ta were shown to form in a Hy /Ar
arc plasma when applying bulk Ta as both anode and
cathode material. Because of the high temperature, the
electrodes start to melt and evaporate, leading to a va-
por of metal atoms and clusters, which thermalize and
coalesce through collisions, thus forming nanoparti-
cles [10.182].

Besides the aforementioned physical methods,
chemical routes may also be possible under strongly
reducing conditions. Metal-graphite multilayer (MGM)
structures may be obtained by intercalating metal chlo-
rides for instance with natural or highly oriented
pyrolytic graphite (NG or HOPG, respectively) fol-
lowed by chemical reduction of the chloride in Hy flow
at elevated temperatures [10.183, 184]. Using a two-
step procedure reported by Walter et al., first, anhydrous
TaCls is mixed with HOPG and stored in Cl, atmo-
sphere at 400°C for 4days, then exposed to Hy gas
at 1000°C for 1 week to prepare Ta nanoparticles in-

Fig.10.8 TEM image of salt-encapsulated Ta nanoparti-
cles synthesized by the sodium/halide gas-phase (flame)
combustion process. (After [10.181])

tercalated with the graphene layers in graphite. The
as-obtained structures behave as superconductors sim-
ilar to tantalum carbide. As suggested by Suzuki and
coworkers, the Ta nanoparticles act as localized spins,
which can couple with the adjacent layers separated by
the graphitic layers [10.184].

Axelbaum and colleagues developed and patented
a technology capable of producing large volumes of
nanopowders of metals as well as their composites by
reacting sodium vapor with gas-phase metal chlorides
in a flame [10.181, 185] (Fig. 10.8). At high temper-
atures, Na vapor reduces metal (such as Ta, Ti, Al,
Nb, Si, W, or Fe) chlorides (or other halides) and
produces metal nanoparticles. By controlling the tem-
perature and heat losses in the reactor, condensation of
the byproduct NaCl vapor on the metal nanoparticles
can be regulated. Increased temperature favors subli-
mation of the salt and consequently the formation of
larger metal nanoparticle cores, while lower tempera-
tures result in condensation of the salt vapor on the
core. The as-formed shell acts as a barrier coating, pro-
tecting the metal core from moisture and air. The salt
encapsulation can be removed, for instance, by vacuum
sublimation, thus releasing the Ta nanoparticles for their
end use.

10.2.5 Zinc

Zinc is an industrially important metal applied in large
quantities in batteries, anticorrosion coatings, and vari-
ous structural alloys today. Most of the studies related
to elemental zinc are focused on the generation of zinc
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-Fig.10.9 Low- (a) and high-magnification (b) SEM im-
ages of Zn nanobelts. (After [10.190])

chalcogenide nanostructures due to their semiconduct-
ing and piezo- and pyroelectric properties, which find
applications in pigments and (photo)catalytic processes,
and thus are widely studied in the contemporary litera-
ture [10.186-189].

Vapor—solid (VS) growth of Zn nanowires has been
reported by several groups. In this method, a vapor of
Zn is generated first under protective gas, by either
evaporating pure metal [10.191] or decomposing or-
ganic zinc compounds [10.192], or by reacting ZnO or
ZnS with carbon, ammonia, Hy, etc. at elevated temper-
ature [10.190, 193, 194]. When the vapor of Zn enters
a colder zone of the reactor (typically a two-zone fur-
nace is employed), condensation of the vapor starts and
Zn nanowires are observed to grow. Since the process is
not catalyzed by any separate nanoparticle or seed, it is
referred to as VS growth [10.191]. To produce nanopar-
ticles, PLA has been applied [10.195, 196]. Most of
these studies, however, agree that Zn nanostructures
are covered by a thin layer of ZnO [10.191, 193, 195]
(Fig. 10.9a,b).

Solution-phase synthesis of Zn nanomaterials has
not been widely explored, since the procedure has to be
conducted under inert gas protection to avoid oxidation.
Electrochemical deposition as one of the major synthe-
sis tools for metallic zinc has been successfully utilized
to prepare both single- and polycrystalline nanowires
with diameter of 40—100 nm in porous AAO and PTCE
membranes [10.197].

10.2.6 Copper

In everyday life, copper is used for several kinds of ap-
plications and devices. One major advantage of copper,
compared with other metals, is its excellent electrical
conductivity, which is greater than that of any other
metal apart from silver. Most copper is used in elec-
trical wires for motors, transformers, cars, integrated
circuits, etc. to transfer electrical energy in an efficient
manner with minimal environmental impact. Copper is
also widely used in heat exchangers and heat sinks due
to its high thermal conductivity. Other attractive proper-

ties of this metal are its durability, corrosion resistance,
and antimicrobial effect, which enable a vast number
of applications in the construction industry as a struc-
tural and alloying material, and as a functional surface
coating.

Most probably, catalysis and electronics are the two
main fields that could greatly benefit from the availabil-
ity of copper nanostructures. In the last decades, copper
nanostructures with various morphologies and oxida-
tion states have been widely studied for applications in
heterogeneous catalysis [10.198-200]. Furthermore, the
surface chemistry on Cu has also been elaborated in de-
tail by Somorjai et al. [10.201]. Copper, particularly in
nanoparticle form [10.202], has found use as a catalyst
in water—gas shift reactions [10.200,203,204], methanol
synthesis [10.205-207], aryl homocoupling [10.208],
growth of Si nanowires by chemical vapor deposition
(CVD) [10.209], etc.

One of the very first methods for preparation of Cu
nanowires (which were encapsulated in carbon nano-
tubes) was demonstrated by Setlur et al. in a hydrogen
arc between a graphite cathode and a graphite—copper
anode [10.210]. Evaporation and subsequent condensa-
tion of Cu, forming nanorods and nanowires at 10~*Pa
pressure in a transmission electron microscope (TEM)
column, was reported by Liu and Bando [10.211].
Though several other physical methods such as laser
ablation [10.212,213], pulsed wire discharge [10.214],
and evaporation [10.215] exist, because of their limited
production volume and associated price, the aforemen-
tioned physical methods are surpassed by the chemical
ones, since a number of different reaction routes en-
able the production of nanoparticles of different sizes
and shapes, even in a simple beaker under mild
conditions [10.216-228]. The key to obtaining vari-
ous crystal shapes is the presence of surface-capping
agents (to selectively adsorb onto and block specific
crystal planes) [10.17,229] or addition of ionic impu-
rities [10.69,225].

Hexagonal nanoplates of copper have been prepared
by reduction of Cu(CH3CO,); with hydrazine hydrate
in acetonitrile [10.226]. Nanoparticles of cubic, tetrahe-
dral, and rod shapes with size ranging from 5 to 25 nm
were obtained by reduction of copper acetylacetonate
with 1,2-hexadecanethiol in octyl ether in the pres-
ence of oleyl amine and oleic acid serving as capping
molecules [10.227]. Cu nanowires with diameter of ca.
85nm were prepared by a complex-surfactant-assisted
hydrothermal route from Cu(II)-glycerol complexes
reduced by phosphite in the presence of sodium do-
decyl benzenesulfonate (SDBS) [10.221]. Recently,
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Fig.10.10 (a) SEM ima of Cu nanowires prepared by
a hydrothermal process in the presence of hexadecylamine
(HDA). (b) SEM image of Cu nanocubes. (After [10.220])

we reported a very rapid route to ultralong copper
nanowires (Fig. 10.10a) and nanocubes (Fig. 10.10b) on
a large scale with HDA as capping agent [10.220]. In
a typical synthesis, CuCl, and glucose were dissolved
in water, followed by addition of hexadecylamine
(HDA). After stirring for several hours, the light-
blue solution was placed in an autoclave that was
heated to 120°C. In a recent study, this method was
slightly modified by Jin and coworkers to produce
single-crystal Cu nanowires [10.230]. In a similar hy-
drothermal route, polycrystalline and single-crystalline
Cu nanowires were generated in the presence of oc-
tadecylamine [10.231]. Though copper has a positive
standard electrode potential (E° =0.34V) it is still
rather easy to oxidize its surface, or even the entire
volume of the material if it is nanostructured. For

10.3 Concluding Remarks

In this chapter, we have provided an overview on
nanostructures of metals excluding ferromagnetic and
precious ones, which are described in Chap. 9. As most
of the metals belong to this category, we organized them
based on the following criteria:

1. Reasonable chemical stability under ordinary con-
ditions

2. Abundance of raw materials

3. Industrial importance in bulk form.

As it turns out from the literature review, this
particular field of materials science has not yet been
fully explored. Some potential applications of the metal

Fig.10.1 C-uPd bimetallic nanotubes prepared by galvanic
exchange reaction on Cu nanowires. (After [10.232])

instance, exposing Cu nanowires to solvated cations
of nobel metals (P?* or Pd?>") can initiate galvanic
replacement reactions, in which the nanowires un-
dergo oxidation and dissolution while the precious
metal is depositing on the surface of copper thus
forming nanotubes of CuPt or CuPd alloys [10.232]
(Fig. 10.11).

It is worth mentioning that Cu nanostructures are
prone to oxidation. Even trace amounts of oxygen dis-
solved in the solution of reactants can cause partial
oxidation, causing sometimes controversial results, thus
it still remains a great challenge to synthesize pure cop-
per particles by solution-phase methods [10.69, 233—
235]. One way to protect Cu seeds from oxidation dur-
ing production is to apply a N, atmosphere and to purge
the reaction solution with inert gases.

nanostructures are discussed in the cited literature.
However, despite numerous reports on laboratory-scale
synthesis, controlled bulk production and utilization of
such nanostructures are still in the early stage of tech-
nical development and should be improved. Since the
majority of these elements are prone to oxidation, dif-
ficulties related to chemical stability need to be studied
and should be solved by surface engineering; otherwise
nanostructures made of compounds of these metals are
expected as a result. Besides the existing knowledge,
further peculiarities of these materials at the nanoscale
remain to be revealed to enable their wide use in novel
technologies and devices.
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