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CHAPTER 1

Rhodium Nanostructures: A Critical Survey

Rhodium

Nanostructures

This chapter provides a comprehensive review of the current research activities on high
aspect ratio rhodium nanostructures which includes rods, wires and tubes along with many
other anisotropic/nonspherical morphologies. The scope for these structures in
nanotechnology along with several fundamental issues, related to the origin and evolution of
size and shape-dependent properties at the nano scale and their potential applications are also
discussed. A brief account of recent endeavours on the synthesis of Rh nanostructures
through different modified routes is provided, summarizing the role of all critical factors
controlling their dimensionality, stability and reactivity. Potential applications of these Rh
based nanostructures in various fields are also discussed with special emphasis on the impact
of these nanomaterials as electrocatalysts for fuel cells and also in field emission. Finally
after illustrating some of the major advantages and limitations of these materials, the
objectives of the present investigation are explained in an attempt to fulfill the existing gaps
in literature for this class of low dimensional nanostructures.
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1.1. Introduction

In recent years, Nanotechnology has emerged as a new interdisciplinary area with enough
promise to solve many complex societal problems like the interlinked constraints of food,
water and energy through innovative materials and processes. Its ability to improve the
standards of life of people, especially in the developing world is clear from its intimate
relationship with the Millennium Development Goals set by United Nations [1]. Public is
increasingly aware of the rapid advancement of Nanotechnology as a means of
accomplishing economic growth and its interdisciplinary features encompassing
interrelated concepts of chemistry, physics and biology for engineering new applications.
Progress in Nanotechnology has revealed numerous examples at the scale of 1-10 nm
giving rise to dramatic changes in the physicochemical properties of individual
compounds and systems [2].

During the past 10-15 years, progress in nanotechnology has been largely
associated with elaboration of new methods for the preparation and control of various
nanostructures, unraveling their electronic structure as a function of size and shape
followed by design and fabrication of many nanoelectronic devices [3]. This has helped
to gain many insights into the reactivity of nanostructures comprising of relatively small
number of atoms [4]. Moreover, it is also associated with the synthesis, modification and
stabilization of individual nanoparticles and also to their directed self-assembly to more
complex nanostructures for useful response. Research in this direction has been triggered
by the recent availability of revolutionary instruments and approaches that allow
investigation of material properties with subatomic resolution. Strongly connected to
such technological advances are the pioneering efforts that have recently revealed new
physical and chemical insights of materials at a level intermediate between
atomic/molecular and bulk, which are expected to make a significant impact on many
potential applications [5]. Remarkable attention has been captured by these
nanostructured materials and as a result, their growth has actually been at an
unprecedented rate, principally due to their unique and outstanding properties which

could be controlled by tuning their morphology.
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One of the most successful examples has been provided by the recent advances
from the area of micro/nanoelectronics, where “smaller” essentially means enhanced
performance ever since the invention of integrated circuits; more components per chip,
faster operation, lower cost and less power consumption pointing out eventually to the
use of molecules as both passive and active electronic components [6]. Moreover, a
wealth of interesting and new phenomena is also associated with these nanostructures
with unprecedented examples including quantized or ballistic conductance, coulomb
blockade or single electron tunneling and metal-insulator transition [7]. Further, a large
number of prospective applications in areas such as optoelectronics, sensors, catalysis,
energy and photochemistry could be realized due to the development of many innovative
hybrid materials using these advances based on the size and shape dependent behavior.
However, each new technology has its potential drawbacks (and may be a threat to the
society, according to some people) and it is important that implications of such
developments should be understood properly. Similarly, as nanotechnology has created a
brighter future, simultaneously it has also generated a general apprehension (at least in
some minds) that some of its developments would pose severe risks. Therefore, the
opponents of nanotechnology sometimes gain momentum, demanding a complete halt on
such research, at least in few places (anti-nanotechnology) while the proponents come up
with arguments to stop these efforts [8].

One of the important areas where the impact of nanotechnology is visible is that
of materials as this has directed effectively towards the improvement in the functionality
of materials by making relatively simple changes to existing technologies. The future of
this interdisciplinary field however holds possibilities for extremely complex solutions
for producing functional/smart materials [9]. Motivation for this arises actually from
nature itself, for example, Lotus leaf and many other biological materials have
hierarchical surface structures that prevent dirt and even bacteria from sticking. This
“Lotus leaf effect” is related to superhydrophobicity and has attracted tremendous
attention due to its wide applications related to the development of mimicking materials

for water-repellent and stainless coatings, self-cleaning, anti-fouling application and lab-
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on-a-chip devices. These new materials may incorporate nanosensors and nanomachines
into their structure and have enabled progress in many areas, including display

technologies, drug delivery and related medical applications [10].

1.2. Nanostructure: Influence on Properties

In recent years, various synthetic routes are available for the preparation of a variety of
nanostructures with reasonable size and shape selectivity using methods like laser or
plasma deposition, chemical/physical vapor deposition, sol-gel or other wet chemical
routes and electrodeposition [11]. However, these methods generally result in very tiny
(2-10 nm) particles with different sizes and shapes, often in a metastable phase and due to
the small sizes and shapes, many of the properties are influenced to a greater extend by
quantum size effects. Experimental evidence of the quantum size effects for small
particles has been provided by different methods, while the surface induced effect could
be verified by the measurement of thermodynamic properties like vapor pressure, specific
heat, thermal conductivity and melting point of small metallic particles [12]. Generally,
smaller the size, larger is the band gap, since greater is the difference in energy between
the valence band and conduction band edges as more energy is needed to excite the
electrons and concurrently, more energy is released when they return to their original
state [13]. For example, all most all quantum dots (semiconductor nanocrystals) show
optical properties as a function of their size and shape by virtue of band-gap engineering.
The electronic structure of a nanomaterial critically depends on its size and is drastically
different from their bulk or atomic/molecular analogues as shown schematically in Figure
1.1. This change in electronic structure due to their lower dimensionality can be generally
defined by the electron movement in a restricted environment such that the particle size is
of the order of mean free path i.e. phase coherence length of the electrons at least in one
dimension, (commonly known as quantum confinement) resulting into a dramatic change

in all properties.
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Figure 1.1. Comparative band structures for metallic particles in lower dimensions along with
associated HOMO-LUMO structure for respective molecules; scheme adopted from [13].

Especially in the case of metallic nanostructures, there are numerous reasons, why
a size reduction can, in principle affect all material properties. These could be understood
in terms of different origins; (i) large fraction of surface atoms and hence large surface
energy, (ii) quantum confinement and (iii) reduced imperfections. Moreover, these
factors can tune all properties including reactivity and strength since as particle size
decreases, a greater proportion of atoms are found at the surface compared to those
inside. For example, as shown in Figure 1.2, gold nanoparticles with a 30 nm size have 5
% of the atoms on its surface while with 10 nm, it is 20 % and subsequently with 3 nm,
their is 50 % [14], which can explain properties like increase in the melting point with

increase in size converging finally to the bulk melting point.
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Figure 1.2. A schematic representation of the variation of surface atoms with size for metal (Au)
nanoparticles; scheme adopted from [14].

Because of this reduced dimension, the lattice contraction or lattice strain
generated due to hydrostatic pressure on the surface induced by the intrinsic surface
stress is also important. As most of the atoms are situated on the surface of smaller
particles, they have excess free energy and this explains the depression of melting point
by minimizing the surface energy [15]. Thus nanoparticles have a much greater surface
area per unit mass compared with larger particles. As growth and chemical reactions
occur at surfaces, this means that a given mass of material in nano particulate form will
be much more reactive than the same mass of material of larger particles. Sometimes they
are so reactive that a monolayer or polymer cover is essential to isolate and study them in
the laboratory. Such clusters are called monolayer protected clusters (MPCs), like
dodecane thiol protected Au nanoclusters.

The emergence of molecularity in the metal-to-molecule transition is signaled by
the emergence of an energy gap (see Figure 1.1), which may be detected optically or

electrochemically or both. The electrochemical energy gap could be considered as the
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difference between electrochemical potentials for the first oxidation and first reduction
wave from a parent species. For example, within the family of Au nanoparticles protected
by organothiolate ligands, electrochemical energy gaps have been detected for MPCs
designated as having core sizes of ~Auys, ~Auss, ~Auss, ~Auys and ~Au;s [16]. This
progress towards defining the metal-to-molecule transition based on tunable band gap
(for Au nanoparticles with organothiolate ligands) is summarized in Figure 1.3.
Significantly, three regimes of nanoparticle behavior, from bulk continuum at the left,
where no voltammetric features are observable, to quantized double layer charging for
Auyys and Aujgg, in the intermediate region to molecule-like on the right could be

identified as a function of size.

HOMO-LUMO Gap Energy

0'99‘7/
Potentials of 0.7e¢V
oazev VT—"|

Electrochemical

Metal like
Quantized Molecule Like Energy Gap

Charging

Figure 1.3. A summary of the electrochemical behavior of monolayer protected Au nanoparticles
as a function of core size, showing the estimated energy gaps (HOMO-LUMO gaps); scheme
adopted from [16].

Another example includes the shifting of optical absorption peak, A, of metallic
nanoparticles by hundreds of nanometers (particle charging energies by hundreds of

millivolts) with a change in particle size and shape [17]. Similarly, magnetic properties of
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nanostructured materials are also distinctly different from that of bulk materials. For
example, ferromagnetism of bulk material disappears and transfers to
superparamagnetism in the nanometer scale and similarly mechanical properties of
nanomaterials reach their theoretical strength, which is one or two orders of magnitude
higher than that of single crystals in the bulk form [18, 19]. The enhancement in
mechanical strength is simply due to the reduced probability of both surface and
structural defects. In view of these tunable structural properties, enormous improvements
have been made, to date, in transition metal nanostructures using ruthenium (Ru),
platinum (Pt), palladium (Pd), rhodium (Rh), rhenium (Re) and iridium (Ir), since most of

these have their electronic properties comparable to that of normal semiconductors [20].

1.3. Why Nanostructured Rhodium?

Rh is an important metal for many applications, as it has been widely exploited both as
homogeneous and heterogeneous catalysts, offering immense scope for developments in
green/environmental chemistry. The commonly used application of Rh is in catalytic
converters especially for the purification of automobile exhaust gas, where harmful
oxidizing gases such as carbon monoxide, sulphur dioxide, nitrous oxide, various
hydrocarbons or reducing nitrogen oxide from the engine are converted into less pollutant
gases. Interestingly, in 2007 alone, about 81 % of the world production of Rh has been
consumed to produce three-way catalytic converters [21]. Moreover, Rh shows several
advantages over other platinum group metals for the reduction of nitrogen oxides to
nitrogen and oxygen [22]:
2NOX -x 0, + N,

Rh-based catalysts are used in a number of other industrially important processes,
for example, in the Monsanto process for the production of acetic acid, in the
manufacturing of silicone rubbers and also for reducing benzene to cyclohexane [23].
Apart from this, Rh films are also used in mirror optics, as an alloying agent for
hardening and improving the corrosion resistance of structurally similar metals like Pt

and Pd etc. More significantly, Rh is especially promising for several other applications
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due to its features such as excellent electrical performance, corrosion resistance, chemical
inertness, mechanical strength, remarkable thermal stability, lower electron affinity and
significant stability towards ion bombardment. Even though, it has all the above
mentioned physical and chemical properties, its prohibitively high cost limits the utility
for many applications like its use in microelectronics [21].

The genesis of the present work is inspired by the outstanding role of Rh as a
multifunctional catalysts in many industrial applications, with the goal to alleviate its use
because of the high cost, by taking advantage of nanotechnology. It is well known that
the manipulation of the size and shape at the nanoscale can contribute to lowering of the
metal usage concomitantly achieving the necessary cost reduction through their high
reactivity along with enhanced selectivity [24]. In recent decade, there have been plenty
of studies in exploring the control of Rh nanostructures for improving the understanding
of basic properties of these materials with respect to their applications. As a result,
monometallic and bimetallic Rh nanostructures in supported and unsupported form have
been widely exploited as catalysts for a variety of organic transformations. Some specific
examples include, hydrogenation reactions, particularly in olefin, alkyne, benzene,
ethylene and arenes, along with styrene hydroformylation [25]. Moreover, various shapes
of Rh have offered specific surface exposure towards selective planes, for example, Rh
{100}, {111} and {110} surfaces and as a result of this, these shapes of Rh nanoparticles
can affect both the catalytic reactivity and selectivity [24]. Supported Rh nanoparticles
have also been studied to obtain better catalytic properties (their sensitivity and
selectivity) by using Rh nanoparticles on SBA-15, multi-walled carbon nanotubes
(MWCNTs), Al,O3, TiO,, CeO, and multi-functional glasses, ceramics, oxides and fibers
[26]. Thus, experimental results strongly suggest that careful control of growth conditions
can serve as functional/effective building blocks to fine tune their fundamental properties
by emphasizing their prospective applications in catalysis, sensors, photochemistry,

biomedical, nanoelectronics, photovoltaic and optoelectronics.
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1.4. Synthesis of Rh Nanostructures

The actual behavior of Rh nanostructures critically depends on various experimental and
fundamental issues including the ability to control size, dimensionality, composition,
defects and concentration gradients [27]. Therefore various synthetic approaches for the
fabrication of anisotropic nanostructures depend on careful variations of their parameters.
Conveniently used methods for the synthesis of such nanomaterials include solution
phase growth, templated and non-templated methods, carbothermal reactions, solid-
liquid-solid processes, electrochemical approach, solvothermal process and vapor phase
growth (including thermal evaporation, atomic layer deposition, chemical vapor-phase
deposition, metal-organic chemical vapor phase deposition) etc. [11]. However, in
comparison with zero-dimensional (0D) and two-dimensional (2D) nanostructures, the
advancement of one-dimensional (1D) nanostructures with high aspect ratio has been
slow until very recently, perhaps, due to the difficulties associated with the synthesis of
these nanostructures with well-controlled dimensions, morphology, phase purity and
chemical composition. Although high aspect ratio nanostructures can now be fabricated
using a number of advanced techniques, further development of these techniques into
practical routes on large scale at reasonably low cost, still requires great ingenuity. In this
context, chemical, electrochemical as well as chemical vapor deposition routes can
provide an alternate strategy for generating high aspect ratio structures in terms of
material diversity and cost effective, large volume production [27].

The following section briefly reviews different synthetic strategies for the
formation of high aspect ratio Rh nanostructures with special emphasis on 1D
nanostructures. In contrast to spherical particles, non-spherical Rh nanoparticles such as
rods (short/long), wires, cubes, nanocages, multi-concentric shells, triangular prisms, as
well as other more exotic structures such as hollow tubes, even branched nanocrystals
have garnered significant research attention in the past few years [28]. They exhibit
unique properties which either strongly differ or are more pronounced from those of
symmetric/spherical Rh nanoparticles. Their unusual optical and electronic properties,

improved mechanical properties and specific surface-enhanced spectroscopies make them
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ideal structures for emerging applications in photonics, electronics, optical sensing and
imaging, biomedical labeling and sensing, catalysis and electronic devices. Although an
exhaustive description of all available reports is difficult, an attempt is carried out to
summarize the central contributions in this area. Accordingly, we survey the most

common synthetic methods for the controlled synthesis of Rh nanostructures.

1.4.1. Seeded Growth Method

Because of its inherent, highly symmetric fcc structure, it is not easy for Rh to acquire a
non-spherical shape. This poses a challenge to achieve anisotropic nanostructures, despite
having immense interest because of its extraordinary surface reactivity against their
natural tendency to form thermodynamically stable spherical shapes [29]. In this context,
it would be of interest to examine, how atoms (and other building blocks) could be
rationally assembled into a variety of metastable shapes. Thus, there is a great interest in
the development of new methodologies based on bottom-up approaches for the selective
synthesis of anisotropic shapes. One of the commonly adopted strategies for achieving
shape control is based on the manipulation of growth kinetics with the help of capping
molecules that preferentially bind to crystal faces of growing particle, thus introducing
anisotropy into the particle geometry along with controlling preferred growth direction
[30]. Another interesting strategy and extension of the above approach is the addition of
foreign species in the reaction mixture which could significantly alter the growth kinetics
of specific crystallographic facets [31]. In the Polyol synthesis, these foreign ions are
expected to have a pronounced influence on the nucleation than surfactants or polymers
because of their relatively smaller size and increased ability to form complexes with
reactive species in solution [32]. Accordingly, Table 1.1 summarizes all available
procedures for the preparation of different of Rh nanostructures. A slightly different
strategy for the growth of anisotropic structures is through the introduction of defects in

seed crystals, which could reduce the symmetry of cubic lattice.
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30 nm

Nanospheres Nanorods

Figure 1.4. Comparison of different routes demonstrating the synthesis of Rh along with their
respective micrographs; Figure adopted from [33-35].

Wang and co-workers have demonstrated the tunable shape-evolution of Rh
nanostructures in aqueous phase using halide ions as the controlling agents. For example,
the TEM image shown in Figure 1.4 (b) suggests highly shape and size selective
assembly of Rh cubes on micron level with an average diameter of about 4.8 = 0.3 nm
perhaps due to the specific adsorption of bromide ions on respective planes [34]. A
slightly different approach without any external metal ions has been developed by Pal
and coworkers for the synthesis of Rh nanowires and nanorods using RhCl; as the metal
precursor and cetyltrimethylammonium bromide (CTAB) as a reducing agent with
NH4ClO; a stabilizing agent. Moreover, it has been observed that pH has a remarkable
influence on the alteration of aspect ratio resulting into the evolution of nanowires in
acidic condition as shown Figure 1.4 (a) and (b) respectively [33]. Apart from these
strategies, anisotropic structures are also realized through physical constrictions imposed
by structure directing materials which include both hard and soft templates. Some of the

key issues and shortcomings involved in these approaches during the synthesis of Rh
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nanostructures along with utility of these nanostructures for various applications are also

discussed.

1.4.2. Electrochemical Synthesis

Over the past decade, synthesis of nanostructured materials by electrochemical method
has received considerable attention because of the ease of controlling even complex
morphology such as fractal geometry and dendritic growth. This method is particularly
advantageous because the crucial steps in nucleation and growth can be controlled by
modulating parameters such as electric field, solvent, ionic strength and concentration of
the source. In most of these cases, however, growth occurs under nonequilibrium
conditions and, interestingly, a dramatic variation in morphology hence arises under low
and high over potentials, respectively. Hence a variety of metals and alloys have been
prepared to achieve improved physical and chemical properties [36]. In this respect,
electrochemically deposited nanocrystals are quite different from other nanostructures,
which are based on consolidated particles. For example, Lewerenz and coworkers have
reported the electrochemical deposition of Rh nanostructures onto H-terminated p-Si

surfaces by the simultaneous oxidation leading to the formation of nano-dimensioned

metal-oxide-semiconductor (MOS) type contacts [37].

er" [Agh]*
Agl

Ag nanowire Rh nanocrystal
Anode Reaction: 3Ag + 3I- = 3Agl + 3e F%=_0,15V
Cathode Reaction: Rb¥* + 3e =Rh E'=101%6 v

Figure 1.5. Diagrammatic illustration of the typical replacement process between Ag nanowires
and Rh’" ions during the formation of Rh nanotubes, Adopted from [49].
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Recently, Lu and coworkers have attempted the replacement of Ag'/Ag pair (0.80
V vs. SHE) with a comparatively lower redox potential (Rh**/Rh = 0.76 V vs. SHE) for
shape selective synthesis of Rh [38]. Here, the replacement occurs between Rh*" and Ag
nanowires, quite readily, at room temperature to yield hollow Rh nanotubes with uniform
shells and smooth surfaces. The driving force for the formation of Rh nanotubes through
probable electron transfer pathway is illustrated in Figure 1.5. In the presence of saturated
I" ion solution, redox potential of Ag species decreases markedly from + 0.80 V (Ag'/Ag)
to - 0.15 V (Agl/Ag), which is much lower than that of the Rh’*/Rh couple, thereby
causing the reduction of Rh** to Rh atoms. Moreover, when iodide, is replaced by Br” in
above explained process, Rh nanotubes with high yield are obtained.

Another way for the synthesis of high aspect ratio nanostructures is by the
template-assisted electrochemical deposition, employing either an active or restrictive
template. Normally porous alumina or polymeric membranes with highly ordered
nanochannel-array are used as cathode in an electrochemical cell and Rh is deposited
electrochemically into the pores. Pioneering work carried out by Mohney and co-workers
using a template based approach has enabled Rh nanowires followed by their
heterostructured to Si nanowires [39]. Significantly, this method of heterostructure
synthesis using membrane based templates can be extended for any other combinations of
several other metals. Templated technique is also useful for the preparation of free-
standing nanowire arrays, which can be used as electrodes to study their electrochemical
properties [36]. Interestingly, capillaries of carbon nanotubes can also be used as
templates for the growth of metal nanowires; accordingly, nanowires of other metals like
Au, Ag, Pd and Pt have been synthesized by this intercalation method [40]. Although
several such advances have been made, the template method suffers from disadvantages
of very low yield and contamination. However, Ichikawa and co-workers have reported a
method for the synthesis of Rh nanowires (diameter 2.5 nm, length 10-50 nm) in pores of
FSM-16 by using photoreduction of the FSM-16 followed by bimetallic heterojunctions
of nanowires of Pt—Rh [41].
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1.4.3. Chemical Vapor Deposition

Chemical Vapor Deposition (CVD) is an extensively studied method for the synthesis of
1D metal nanostructures, involving multiple, reactive intermediates and steps of the
nanomaterials depending on the starting compounds using carrier gases to produce a
nonvolatile solid that deposits atomistically on a suitably placed substrate at
comparatively higher temperatures. This has been commonly used due to its simplicity
and ease of control of orientation and selected especially for thin film applications in

solid state microelectronics.

/ Rhodium salt
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Figure 1.6. Chemical vapor deposition set-up for the synthesis of oriented Rh nanostructures
using various organo-metallic precursors in Ar atmosphere for controlled growth.

A variety of CVD reactors have been developed depending upon types of precursor used,
deposition conditions and several variants are also available (like plasma and laser
deposition) to activate chemical reactions desired for depositing a variety of thin films on

different substrates (Figure 1.6.)
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1.4.4. Other Methods

The main advantages of above mentioned synthetic strategies are that they are
comparatively cheaper and bulk quantity could be produced without any significant
efforts. There are several other methods involving molten salts, supercritical solvents,
photo-irradiation, laser-ablation and sonochemistry to synthesize size controlled
anisotropic nanostructures of Rh and their heterostructures [42]. Further, decomposition
or thermolysis of organometallic salts at higher temperatures also produces alkyl-chains-
passivated nanostructures [43]. Several single-phase (non-aqueous) methods are also
available for the synthesis of nanostructures, where soluble organometallic compounds
are reduced with suitable reducing agents in presence of surface passivating molecules
[42]. Other advantages of single-phase techniques are the absence of phase-transfer
catalysts (may cause surface contamination), ease of separation/purification and

flexibility for large scale preparation [44].

Table 1.1.: Different methods for the shape-selective synthesis of Rh nanostructures.

Nanostructures Method Reaction Conditions References
Tripod/tetrapods Modified Polyol | anhydrous Na;[RhClg] as a precursor [45]
in ethylene glycol-polyvinyl
pyrollidone system
Tetrahedron CVD decomposition of an organo-metallic [46]
compound [Rh, (CO)4Cl,] in oleyl
amine
Cubes Modified Polyol | ethylene glycol-PVP-TTAB [47]
process (trimethyl  tetradecyl —ammonium
bromide) system with RhCl;
Thin film Patterning Plasma Enhanced | Rh(CO)s; CsH,0O, [48]
CVD
(111) oriented thin film | Atomic Layer | Rh(acac); and O, [49]
Patterning Deposition
Cubes and Multipods Seed mediated | Rh nanocubes and multipods by [50]
Polyol Method reducing RhCl; in the ethylene
glycol-PVP system using the seed
growth method

However, uncapped nanostructures synthesized by wet chemical approaches have

limited stability and their high surface energy causes them to agglomerate in
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solution/solid state due to Ostwald ripening and other growth modes. However, these
clusters can be stabilized electrostatically or sterically and stabilization occurs through
the involvement of electrical double-layer consisting organized cations, anions and
solvent molecules. Agglomeration of highly charged particles is restricted by coulombic
repulsion which decreases exponentially with increasing the interparticle distance. These
techniques offer a precise control of the deposition parameters possibly at the level of
single atom, along with good film quality. Accordingly, Table 1.1 summarizes the
important synthesis methods for achieving anisotropic nanostructures of Rh, in order to

compare influence different methods in size/shapes.

1.5. Mechanism of Anisotropic Growth

One of the widely accepted mechanisms for the anisotropic particle growth in liquid
media assumes kinetic control of growth rate of various facets of the seed particle by
appropriate capping molecules or nucleating agents. For example, according to Xia and
co-workers, lowering of the precursor concentration reduces the chemical potential for
crystallization and therefore a manipulation of the precursor concentration enables one to
decrease the chemical potential to synthesize thermodynamically stable crystals as
compared to the kinetically stable ones [51].

The structural stability of nanomaterials depends on the surface energy, which
could be understood from the energy minimization process by preferential crystallization
of atoms and so, for the case of metallic nanostructures, lower energy {111} facets
dominate most of the thermodynamically stable structures [52]. In such a case, in order to
achieve anisotropic growth of nanostructures against their thermodynamically stable
ones, preferential growth of various facets is necessary. This is usually achieved by the
selective binding of capping molecules on various planes. For example, as in the case of
Ag and Au, PVP preferentially binds {100} planes rather than {111} and {110} planes,
allowing further deposition of metal atoms at vacant planes resulting into cubic and
octahedral shapes [53]. The nonspherical/anisotropic (cubic, cuboctahedral and

octahedral) shapes are characterized by different surface energies with various
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crystallographic planes and an approximate sequence can be given as: y{111} <y{100} <
v{110} for fcc structured metal particles [54]. Consequently, main possible directions of
nucleation and growth of metal nanoparticles are in the [111], [100] and [110] planes
leading to the possibility of faceting [55]. In contrast, polyhedrons of cube, octahedron,
cubo-octahedron and tetrahedron have their low-index planes formed in various
morphological combinations. Clearly, Rh nanocubes with their good morphologies are
single crystals with all {100} faces and cuboctahedron by combination of {111} and
{100} tetrahedron and octahedron bounded by all {111} facets. Moreover, these Rh

Transformation of pentagonal
faceted
nanorod to octahedra

Rh nanocube

Carbon coated
Cu grid

Rh nanorod Rh octahedra

Figure 1.7. Mechanistic pathway showing the transformation of various shapes of Rh through
tunable reaction conditions; figure adopted from [33].

{100}, {111} and {110} surfaces offer their activities for potential applications, as in
catalysis and electrocatalysis [56]. For example, recently literature explores the shape
dependent catalytic reduction of NO and CO on Rh nanopolyhedra unraveling higher
activity of single crystalline nanocubes from 230 to 270 °C, due to their exposure of
high-index planes [57]. More recently, Pal and coworkers have also reported a

remarkable shape-selective synthesis of Rh nanorods using CTAB as the surfactant,
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where these rods can be converted into nanocubes with oxidized Rh species specifically
adsorbed on (100) facets by the treatment with Cu [33]. Significantly, these controlled
oxidized (Rh") species are more reactive and their treatment with Cu wire results into the
transformation of nanocubes into smaller Rh octahedra as represented schematically in

Figure 1.7.

1.6. Properties of Nanostructured Rhodium

As compared to bulk Rh, reduced dimensions generate many novel properties and a few

examples of such features are discussed in details below.

1.6.1. Optical Properties

The reduction of dimension at nanoscale has a dramatic effect on optical properties of Rh
and the size dependence can be generally understood from two different points of view.
One is due to increased energy level spacing as the system becomes more confined and
the other is related to collective response [surface plasmon resonance (SPR)] [58].
Interestingly, after the landmark report from Gans, SPR of anisotropic nanostructures has
attracted tremendous attention towards the understanding of fundamentals of

nanostructures [59].

E-field

Metal
sphere

e cloud

Figure 1.8. Displacement of the conduction electron charge cloud relative to the nuclei of a
sphere; scheme adopted from [60].

However, the spherical nanoparticles per se could be envisaged to elicit a more
uniform response as a result of their plasmonic field enhancement to a perturbation

known as dipole surface plasmon resonance (Figure 1.8). The restoring forces due to the
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Coulombic attraction of electrons with nuclei oppose displacement of electrons with
incoming electric field ultimately leading to the oscillations, frequency of which is
strongly influenced by: (i) density of electrons, (ii) the effective electron mass and (iii)
the shape and size of the charge distribution. Higher modes of plasmon excitation can
also occur, such as quadrupole mode where, half of the electrons moves parallel to the
electric field and the other half moves anti-parallel [60].

Conversely, the departure from sphericity due to asymmetry in the field of
nanoparticles or the presence of disordered (anisotropic) morphology can have a
“diffuse” response, resulting in a splitting of their dipole absorbance in to multiple bands
[61]. Significantly, optical properties of Au, Cu and Ag nanostructures have been known
for nearly 150 years, culminating in many niche application of their SPR in various
fields. In contrast, the optical properties of Rh nanoparticles remain relatively unexplored
[62]. Both thin films and spherical nanoparticles of Rh do not exhibit any absorption
signal in the visible region as a result of the very small imaginary part of dielectric
constant. The location of SPR peak of Rh nanoparticles in the UV region makes them
blackish gray in color and it’s causes are much more difficult to probe, mainly because of
less absorption of light at this wavelength. All these results reflect that the picture of the
SPR of Rh is still not clear necessitating more investigations [61, 63].

Accordingly, several approaches have been made for the explanation of light scattering
from Rh nanoparticles of arbitrary shape, where extinction is considered as the sum of
scattering and absorption. On the basis of discrete dipole approximation (DDA), Xia and
coworkers, have proposed a weak and broad SPR signal at ~380 nm for Rh multipods,
although, the presence of air shifts the SPR peak towards a shorter wavelength due to the
transformation from branched to spherical shape [64]. Indeed, different morphologies of
Rh via seeded Polyol route have been reported recently, revealing shape and capping
dependent SPR features [45-50]. For example, UV-Vis spectrum of the branched Rh
nanocrystals displays an attractive SPR feature, as a weak and broad peak around 380
nm. More recently, Rh nanotubes have also been reported to show interesting broad SPR

at 500 nm due to the formation of hollow structures and uniform walls [65].
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Most of the SPR observations of Rh nanostructures are in accordance with the Mie
theory, which explains the emergence of SPR signal with particle size and shape
depending on the dielectric constant of the medium, solvent refractive index, temperature
and particle-particle interactions [66]. Further, the effect of core charge has also been
investigated for SPR, which shows the accumulation of excess electronic charge causing
a blue shift of the SPR position and vice versa. The nature of capping molecule has a
dramatic effect on SPR position, which could be selectively used for applications in
optical sensors and medical diagnostics. Apart from absorption features of
nanostructures, they are also attractive for fluorescence studies. For instance, the
fluorophore groups functionalized nanostructures exhibit resonant energy transfer

phenomenon, which is of great interest in biophotonics and materials science.

1.6.2. Electrochemical Properties

The tunable size of nanoparticles has been found to reveal several interesting
electrochemical properties like quantized charging behavior depending upon the core size
or nature of surface passivating molecules. A major emphasis has been placed on the
investigation of the double-layer charging properties of smaller nanoparticles (< 3 nm) to
understand their electron transfer features [67]. The freely diffusing or surface attached
nanoparticles on electrode surface show discrete double layer charging features with
respect to one electron, where the capacitance (auto farads; aF) is associated with ionic
space charge formed around each nanoparticles in the electrolyte solution, known as
quantized double layer (QDL) charging [68]. The QDL phenomenon has been reported
for various nanoparticles and several effects, like core size, chain length, nature of
monolayer, temperature and magnetic field, have been studied, although this property is
not known for larger nanoparticles [69]. For example, Figure 1.9, shows a series of
quantized double layer charging events in solution phase voltammetry at room
temperature from Rh nanoclusters (4.9 + 0.2 nm) of approximate composition
Rhy057(TDA)3;;. The unusual variation in the FWHM for both cathodic and anodic

regions in the differential pulse voltammetry (DPV) might be due to several complex
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factors including reorganization or disproportionation of charged clusters coupled with
electron transfer processes pertaining to Rh-Rh bond [70]. However, more detailed
investigations based on structure-property correlation are really needed for exploring this

to device applications.

. S AN
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Figure 1.9. Schematic representation of the quantized double layer (QDL) charging behavior
showing a series of charging events for Rh nanoparticles (4.9 £ 0.2 nm) of approximate
composition Rhygs7 (TDA) 3,1 in solution DPV at room temperature; scheme adopted from [70].

1.6.3. Electronic Properties

The band structure of Rh undergoes a dramatic change due to quantum size effects like
other nanomaterial [71]. However, the effects of size and shape towards electron
transport in nanostructures is complex, since they are based on distinct mechanisms.
These mechanisms can be generally grouped into various categories such as surface
scattering including grain boundary scattering, quantized conduction including ballistic
transport, Coulomb charging and tunneling, widening of band gap along with
reorganization of energy levels [72]. In addition, increased structural perfection during
growth kinetics such as reduced impurity, structural defects and dislocations would also

affect electrical conductivity of nanostructures [74].
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Figure 1.10. The ideal Coulomb blockade phenomenon as depicted in current-voltage (I-V)
graph, (Coulomb staircase); inset shows a widely investigated nanoparticles based metal-
insulator-nanocluster-insulator-bulk metal (MINIM) system to illustrate such behavior; adopted
from [72].

Accordingly, electronic properties of metallic nanoparticles would be promising
for constructing electrical devices based on single electron transfer (SET), superior to
presently available semiconductor based integrated circuits and information storage
devices. Although their typical resistivity value suggests semiconducting behavior,
especially if the size is < ~2 nm, the I-V curves show Coulomb blockade behavior that
manifests single electron tunneling at room temperature as shown in Figure 1.10. Further,
organized/superlattice assemblies of these nanoparticles have unique electronic properties
due to their collective tunable interactions although the I-V behavior is strongly affected

by the nature of capping molecule, including its length [75].

1.6.4. Emission Properties

The usual theoretical treatment of electron emission from metal into vacuum on
application of high electrostatic field is based on the Fowler-Nordheim (F-N) model,
which assumes that- (i) temperature of the metal is 0 K (ii) the free electron model is

valid, (iii) surface is a smooth plane, and (iv) potential barrier close to the surface in the
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vacuum region consists of an image force potential and a potential due to the applied
electric field [76].

Accordingly, the applied electric field (F) is defined as F = V/d, where V is the
applied voltage and d is the separation (d = 5 mm). However, the actual enhanced field at

the apex of the hexagons can be estimated from the equation as follows [76].

B =-68x10"¢">/m

Where, B is the field enhancement factor, ¢ is the work function of the emitter material in
eV. For crystalline surfaces, the work function associated with field emission is the
average over the emitter surface, weighted towards the lower work function areas.

The F-N equation has been found to be adequate for describing the field emission
from metals. With the advent of various nanostructures, a variety of field emission (cold)
cathode materials have been developed to date [77]. These include materials for
microfabricated field emitter arrays, diamond and related films, carbon nanotubes, other
quasi 1D nanomaterials and printable composite materials. Important parameters include
electron affinity, dielectric constant, thermal conductivity, chemical and physical
robustness. In addition, cold cathode materials have a wide range of applications such as
in flat panel displays, high-power vacuum electronic devices, microwave-generation
devices, vacuum microelectronic devices and vacuum nanoelectronic devices [78].
Recently, recognizing the strong possibility that vacuum nanoelectronic devices using
quasi 1D nanomaterials such as carbon nanotubes may emit electrons with driving
voltages comparable to that of a solid-state device, there is a growing interest in novel
applications of such devices [79]. With such exciting opportunities, there is now a flurry
of activities to explore applications far beyond those considered for conventional hot
cathodes that operate on thermionic emission. In particular, nanotubes and nanowires
with sharp tips are promising materials for applications as cold cathode field emission
devices [80]. Moreover, the Rh nanostructures also have higher electron emission
properties at an ultra low threshold with high current density.

Consequently, a number of anisotropic materials have been found to act as

efficient field emission cathodes, since some of these can operate remarkably well below
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the intrinsic current limit due to their thermal effects [81]. Enormous improvements have
been made, to date, in metal nanostructures using Ru, Pt, Pd, Rh, Re and Ir, since most of
these have their work function comparable to that of silicon. Among these, Rh could
especially be promising due to its features such as excellent electrical performance,
chemical inertness, mechanical strength, remarkable thermal stability, lower electron

affinity and significant stability toward ion bombardment [82].

1.6.5. Other Properties

High aspect ratio Rh nanostructures also exhibit several other important properties, such
as surface enhanced scattering, fluorescence quenching or enhancement depending on the
proximity to the surface [83]. Due to the strong electromagnetic field generated at the
surface of metal nanoparticles, chromophores within ~ 5 nm of the surface of metal
nanoparticles have their fluorescence quenched, while chromophores at distances of ~10
nm or greater have their fluorescence enhanced up to 100-fold. Anisotropic Rh
nanoparticles also exhibit interesting catalytic properties. For example, it has been
recently demonstrated that high aspect ratio nanoparticles with more corners and edge
atoms have higher catalytic reactivity than similar nanoparticles with fewer corner and
edge atoms [24, 25]. In addition to this, anisotropic Rh nanoparticles show significant
field enhancement at the surface due to photo-excitation of conduction of electrons [84].
In particular, local field enhancement factor increases many times, when nanoparticles
with lower symmetry and/or bi-metallic concentric structures are used. It has been
demonstrated that triangular particles with dimensions smaller than 50 nm produce strong
field enhancement near their vertices, reaching several hundred times the amplitude of
illumination wave. This strong, but extremely localized field, is the central reason for the
observation of hot spots and blinking phenomena experimentally in Raman scattering.
This technique is promising for the single molecule detection when appropriate
nanoparticles are used for the substrate. For example, Xia and coworkers, have explored
the SPR properties of Rh multipods and its use as a substrate in SERS displays, which

find important use in applications such as in situ monitoring of catalytic reactions [64].
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The magnetic nanoparticles provide an opportunity for studying the effect of
crystal, size, shape and surface state on magnetism. The magnetic moment depends also
strongly on nanoparticle/cluster structures [85]. For example, although bulk Rh is
magnetically inert, experimental studies for Rh clusters up to 60 atoms and theoretical
studies for clusters up to 19 atoms show that Rh clusters could have large magnetic
moments [86]. Zitoun and coworkers reported an interesting magnetic behavior of
chemically produced bimetallic nanoparticles (Co-Rh) revealing a decrease of the
coercive field and a simultaneous increase of the anisotropy field with nanoparticles size

[87].

1.7. Applications of Rh Nanostructures

Having completed the discussion on controlled synthesis, growth mechanism and
properties of anisotropic metallic nanostructures, we are now in a stage to consider
methods to rationally assemble atoms or other building blocks into structures with their
controlled dimensions and surface structure for tuning their properties and reactivity.
Many potential applications have recently been found for Rh nanostructures in wide areas
of material sciences, including catalysts for various organic transformations and
electrocatalysts for energy conversion. However, the cost of Rh and Rh based
nanomaterials, limits the large scale processing and difficulty of precise control of their
assemblies on large scale a significant barrier for realizing some of these applications
[88].

Moreover, Rh nanostructures have offered several other applications due to their
fascinating properties arising from quantum confinement. Such size-dependent structural
changes in Rh especially for one dimensional structures (such as wire, tubes etc.) help in
transporting controlled current from one place to another. Similarly, Rh and Rh based
heterostructures are also known to be highly sensitive towards H,, CO, NO, NH,4 for
sensing vapors based on their change in resistance (AR/Ry) [89].

Plasmonics is an another emerging field in optics, dealing with the so-called

surface plasmon of many nanoparticles for extraordinary properties of anisotropic
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structures of Rh could be analyzed from a fundamental point of view for numerous
technological applications [64]. Apart from these exciting developments in plasmonic, Rh

will have a plethora of applications in various other areas.

1.7.1. Electrocatalysis

Electrocatalysis is the relative ability of different electrode materials, under the same
conditions to accelerate the rate of a given electrochemical process. The use of
nanomaterials as electrocatalysts has a number of important attributes including, a large
surface area to volume ratio, high surface concentration (electric field distribution) of
corner and edge atoms, low coordination numbers of surface atoms and unique electronic
properties (quantum size effects). Moreover, in the case of structure sensitive reactions,
these interactions of reactant species vary, depending on the crystallographic plane
exposed on their surface. All these factors could be fine-tuned by the size, shape,
composition, crystallinity and structure (solid versus hollow), which acquire a great
relevance from the application point of view.

Besides the above factors, the presence of high-miller-index crystal faces also
influences the electrocatalytic activity. For example, in the case of oxygen reduction
reaction (ORR), it has been observed that electrocatalytic performance is higher for
flower-like structures of gold compared to other shapes such as pinecone and nanosheets.
This enhanced activity of gold flowers is ascribed to the presence of high miller- index
crystal faces such as (220) and (331), which exposes their surface irregularities, steps and
kinks [90]. Moreover, in the case of CO electro-oxidation on cubooctahedral Rh
nanostructures bound by (111) and (100) facets, the transfer of CO molecules from (100)
to (111) site takes place, since the latter is a thermodynamically favoured site for CO
oxidation [91]. Electrocatalytic performance of nonspherical Rh nanostructures has been
investigated for several fuel cell reactions to demonstrate their enhanced electrocatalytic
activity. For example, low symmetry Rh (100) plane shows a higher electrocatalytic

activity than that of Rh (111) in sulphuric acid towards the oxidation of CO [92].
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1.7.2. Catalysis

Rhodium is a very important catalyst for many industrial processes because of its
intrinsic ability to catalyze a wide range of heterogeneous reactions. On the other hand,
the price of Rh is very high. Therefore, for the sake of maximum utilization of Rh, it is
necessary to precisely control the size, shape and crystallographic plane of Rh crystals for
exposing the maximum number of atoms to have highest atom efficiency and turnover
number. This interaction as observed for normal catalytic reactions strongly depends on
the surface properties of the catalyst. In the case of structure sensitive reactions, these
interactions of reactant species do vary depending on different crystallographic planes
exposed on the surface, and the coverage of intermediates.

High aspect ratio nanomaterials of Rh have important applications in catalysis due
to their shape dependent catalytic activity. In particular, they exhibit different catalytic
activity on their various crystallographic facets. Many interesting examples are available
like the Suzuki coupling reaction, hydride transfer reaction, oxidation of alcohols into
organic acids, selective hydrogenation/hydroformylation of unsaturated hydrocarbon
compounds and petroleum refining process. In addition to this Rh is also a well-known
catalyst for NOx reduction in three-way automobile catalysts. In all these applications,
small clusters of Rh are found to be catalytically more reactive than bulk Rh metal as

their chemical and electronic properties change with shape and size.

1.7.3. Field Emission Devices

Transition metal based nanostructures are one of the best known field emitters, especially
if they have many sharp tips and edges. The smaller the radius of curvature of the tip is,
the more is the concentration of the electric field, enabling increased field emission. The
sharpness of the tip also means that they emit at especially low voltage, an important
factor for building low-power electrical devices that utilize this feature [93].
Significantly, metal nanostructures can carry an astonishingly high current density with
extremely high stability. An immediate application of this behavior receiving

considerable interest is in field-emission flat-panel displays. Instead of a single electron
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gun, as in a traditional cathode ray tube display, in metal nanowire-based displays there is
a separate nanowire electron gun for each individual pixel in the display. Their high
current density, low turn-on and operating voltages and steady, durable behavior make
nanowires very attractive in this application. Other applications utilizing the field-
emission characteristics of high aspect ratio metal nanostructures include general types of

low-voltage cold-cathode lighting sources, lightning arrestors and electron sources.

1.7.4. Molecular Electronics

In recent years, nano-technology has led to a new way of making electronic devices and
many novel devices in the field of information and communication technology, that have
appeared recently in many laboratories of the world. One of these nano-devices, single
electron tunneling device using small particles in their systems has been successfully
prepared and many other devices like high-density memory devices, high-speed low
power switching devices, high-sensitive electrometer devices and others are expected to
be produced in the near future. Using an organic molecule as a coulomb island electrode,
it is possible to use organic electronic devices based on the potential ability of molecules
for flexible devices. For example, organic SET devices, using organic and inorganic
insulators and ultra-narrow (nano-gap) electrodes have been investigated for the electrical

properties of these single electron tunneling devices with or without light irradiation [94].

Substrate

Figure 1.11. Layer-by-layer growth of Rh-Rh bonded supramolecular thin films through
mercaptoethylpyridine and its use in fabrication of lateral nanoscale devices; adopted from [95].

Recently, Lin and coworkers have demonstrated layer-by-layer self-assembly of
Rh-Rh bonded supramolecules to fabricate lateral nano-electronic devices by using
sequential assembly of alternating layers of redox active dirhodium complexes like

[Rhy(DAniF),]2(0,CCH,CO3), (DAniF=N, N'-di-p-anisylformamidinate) and conjugated
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organic ligands trans-1,2-bis(4-pyridyl)ethylene as schematically shown in Figure 1.11.
[95]. Moreover, tailoring the chemistry of templating ligand enables their more effective
assembly on desired surfaces. The idea of building more efficient and flexible electronic
circuits out of essential building blocks of materials and organic molecules has seen a
major revolution during the past few years as one of the key components of
nanoelectronics. Their geometry, interconnect design, electrical conductivity and ability
to precisely fabricate nanowires, nanotubes as crucial parameters to control the
performance of devices in molecular electronics including that of switches. A novel
nanoelectronic component recently demonstrated has been a nanoscale transistor that can
be switched between "on" and "off" states with a single electron which works efficiently
at room temperature [96]. These tiny field-effect transistors (FETs) are individually
controllable and can be integrated on a single chip. Prior to this study, nanoparticle FETs
could not be turned on and off individually.

Similarly, when an aqueous suspension of Rh nanoparticles is placed in an
alternating current between two planar electrodes, the particles assemble into conducting
microwires that grown from one electrode to the other. However, the wires are not
nanowires as their diameters are few micrometers, and the method represents an easy way
to create electrical connections in liquid environments [97]. These wires could be used in
wet electronic and bioelectronic circuits including that of chemical sensors. In another
key step towards the fabrication of single-molecule electronic devices, researchers have
wired a single molecule into an electrical circuit by chemically bonding two molecular
ends to metal conductors [98]. The, current-voltage characteristics of the resulting circuit
could be studied to reveal many fascinating issues about individual collisions at
molecular level. A nanoparticle could be tethered to both the ends of a conjugated
organic molecule acting as a molecular wire using the conducting tip of an atomic force
microscope to contact the nanoparticle, thus forming a complete circuit [99]. However,
there are tip induced artifacts and other contact problems which require low temperature

for unraveling single molecular phenomenon without thermal fluctuations [100].
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1.8. Conclusion and Perspectives

Anisotropic nanostructures of Rh constitute one of the most fascinating classes of
nanomaterials which has attracted immense recent interest. After understanding the
significance of high aspect ratio nanostructures and also their different synthetic routes, it
is important to ask how the unique properties of these nanostructures could be exploited
for various applications. This has been answered by considering their crucial role in the
area of electrocatalytic reactions of formaldehyde and formic acid oxidation, relevant for
fuel cells. There are also a range of applications for anisotropic nanostructures outside
electrocatalysis, including molecular electronics, tunable optical signals, ultra-sensitive
chemical and biosensors, micro/nano-electromechanical systems (MEMS/NEMS),
optoelectronics, information storage, medical diagnostics and electron gun in various
spectroscopic instruments. There are almost unlimited research opportunities in many of
these applications of nanotechnology and the future potential is surely bright.

However, there are a number of unsolved issues that remain to be addressed
before these materials could reach successful industrial applications. For example, in
electrocatalysis, better performance of a catalyst requires the absence of surface
passivating agents or foreign species and solid matrices for supports normally used
during the synthesis, often via a soft route. More importantly, the nanostructures which
are used as catalysts should have high uniformity in size and shape distribution along
with plane selectivity on its surface to achieve their higher selectivity and product yield in
organic transformations. However, a majority of the cases have the presence of strong
surface passivating agents (or foreign species added to trigger the growth) giving rise to
difficulties of separations and contamination. Furthermore, there are several other barriers
to cross during the research on nanomaterials including many daunting tasks like
addressing the environmental concern and societal impact of these materials since very
little is known about their long term effects especially how they behave inside living
organisms. Disposal and recyclability concerns also need to be addressed vis-a vis

applications.
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1.9. Motivation, Scope and Organization of the Thesis

The genesis of the present thesis is inspired by many of these interesting issues unfolded
during the foregoing critical review related to both fundamental and applied aspects of
various Rh nanostructures. This includes the development of new methods for the
synthesis of high aspect ratio Rh nanostructures and their assemblies. If such
nanostructures are made to organize in a controllable fashion along with their related
hybrid structures, they can open up several unprecedented application possibilities.
Consequently, it is imperative to study different properties such as electrochemical,

electrical, optical, catalytic etc. of these materials for the pursuit of various applications.

1.10. Objectives of the Present Thesis

The foregoing critical review of Rh based nanostructures shows several important
methods for their synthesis and applications, although several lacunae are still present
impeding for their wide utilization for various applications. For example, most of the
nanostructures synthesized by CVD (and other methods as well) contain other unwanted
structures along with the desired materials or structures, whose removal is very
troublesome. Also, the effect of temperature and other reaction conditions on the
preparation methods is rather crucial to design these nanostructures in a desired manner.
Since the nanostructures of Rh are very important as a backbone for the fabrication of
electronic devices including FETs, electrochemical devices and flat panel displays, it is of
immense importance to understand the influence of the reaction conditions on their
chemical as well as physical properties. Further, their heterostructures with nanotubes
(Rh-CNTs), especially, are extremely important in order to understand the interfacial
interactions resulting into the improvement in desired properties. Furthermore, the use of
Rh-CNTs as a support in electrocatalysis for various fuel cell reactions along with their
use as heterogeneous catalysts for various organic transformations has tremendous utility
due to their favorable characteristics such as high surface area, mechanical strength, inert

carbon network and chemically tunable topography. Hence, it will be interesting to
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explore the catalytic properties of Rh after making their hybrid materials with carbon
based materials like carbon nanotubes, carbon nanospheres and graphene, where the
effect of substrate along with their co-operative interactions plays an important role.
Moreover, this hybrid structures having tunable features would be interesting to explore
their behavior towards field emission application. The specific objectives of the work

embodied in this thesis are set out in this perspective as follows:

(a) To synthesize anisotropic Rh nanostructures using chemical synthesis with the

help of various surface bound molecules;

(b) To explore the electrochemical approach towards the synthesis of different
morphology along with their tunable optical features based on their surface

structure;

(c) To accomplish the shape-selective synthesis of Rh nanostructures (cubes,
pyramids, hexagons) using chemical vapor deposition along with their

electrocatalytic studies and their co-relation with surface structure;

(d) To elucidate the enhanced field emission and tunable electrical conductivity

studies from these shapes;

(e) To synthesize and characterize the anchoring of monodispersed Rh nanoparticles

on MWNTs for tunable field emission;

Hence, the objectives of the present investigation have been formulated to address
some of these important challenges related to the synthesis, characterization and possible
applications (especially in electrocatalysis and field emission) of high aspect ratio
nanostructures of Rh. This system has been selected because of its outstanding role as
multifunctional catalysts in many industrial applications and as efficient electrocatalysts
in fuel cells. More interestingly, the fabrication of Rb/MWNTs hybrid materials has been

discussed along with the results from their promising enhancement in field emission
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behavior. These results have been explained in six separate chapters as per the following
sequence.

First chapter represents a critical review of synthesis, characterization and
various properties of differently shaped nanostructured materials. The electrical, chemical
and other physical properties of these high aspect ratio nanostructures have been
discussed in relation to their size and shape along with their assembly with emphasis on
nanomaterials of Rh. The impact of these materials on nanotechnology for diverse
applications such as catalysis, electronic, electrochemical and magnetic device
construction, environmental and pollution control has been discussed concisely. Specific
objectives of the present study have been elaborated in the end with special relevance for
future applications especially for electrocatalytic activity and field emission behavior.
Finally, a few of the major existing limitations with respect to synthesis and processing of
these high aspect ratio materials are also discussed.

Second chapter deals with a synthesis of highly monodispersed nonspherical Rh
nanoparticles along with high aspect ratio (nanochains, nanoneedles and nanorods)
nanostructures by using modified colloidal approach with the help of various mono and
polyfunctional organic molecules including various amines, acids and polymers. These
nanomaterials have been further characterized by techniques including Scanning electron
microscopy (SEM), High resolution transmission electron microscopy (HRTEM), X-ray
photoelectron spectroscopy (XPS), Thermogravimetry (TG), Raman Spectroscopy,
Furrier Transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), DC
conductivity and Cyclic Voltammetry (CV). Considering different time scales of various
reactions and the diffusion of different reactants and products, a tentative growth
mechanism has been proposed in conjunction with possible multidimensional role of
organic molecules towards the assembly formation. Finally, electro-catalytic activity of
these nanostructures has been discussed towards formic acid oxidation, as an important
test reaction for micro-fuel cells.

Third chapter demonstrates the preparation of Rh nanostructures through a

galvanic displacement approach using Al substrate as a sacrificial material. The structural
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and morphological characterization data from TEM, SEM, Surface plasmon resonance
(SPR) and XRD have been discussed followed by electrochemical measurements
including CV and I/t kinetics suggesting the formation of Rh nanostructures presumably
through the formation of micro-galvanic cells. Further, the role of the applied potential,
concentration of Rh source, pH, temperature, presence of capping molecules (PVP) and
their effect on the diffusion of reactant (Rh*") and product (Rh’) species toward and away
from the surface of the Al has been elucidated using important experimental data
obtained using all these techniques. These Rh nanostructures, significantly exhibit
enhanced electrocatalytic activity toward many fuel cell reactions as demonstrated by
results obtained using formaldehyde oxidation as a model reaction.

Fourth Chapter demonstrates synthetic strategies for stabilizing different shapes
of Rh nanostructures like hexagons, cubes, pyramids with the help of a modified
chemical vapor deposition (CVD) method. These nanostructures have been characterized
using a host of techniques like SEM, TEM, XRD, XPS and TGA to reveal the similarities
and differences with respect to solution phase growth demonstrated in earlier chapters.
Further, their electrocatalytic activity has been tested using CV and I/t transient,
highlighting their unique shape-dependent reactivity towards formic acid oxidation. A
comparison of the electrocatalytic activities of these remarkable structures towards
formic acid oxidation as compared to other shapes helps in correlating activity with
crystallographic orientation obtained from x-ray diffraction analysis. Further electrical
conductivity measurements as a function of temperature for all the as-synthesized
nanostructures suggest a metallic behavior. A remarkable field emission behavior from
same Rh hexagons have been discussed at the end of this chapter where, the presence of
sharp tips of the nanopotrusions with a higher areal density is indicated to be responsible
for a stable current density along with their excellent current and mechanical stability
toward ions bombardment. The smaller size of emitting area, excellent current density,
and stability over a period of more than 3h are promising characteristics for the

development of electron sources using these nanomaterials.
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Fifth Chapter deals with various synthetic attempts towards the synthesis of high
quality carbon nanotubes (CNTs) along with their heterostructures with Rh
nanostructures. In one such attempt targeted for the synthesis of heterostructures, Rh
nanospheres have been anchored on acid functionalized multi-walled carbon nanotubes
(MWNTs) after formation using Al (reducing substrate for Rh ions) followed by their
characterization using SEM, TEM, XPS and XRD techniques. Raman spectroscopic
studies have also revealed independent evidence for the mechanism of oxidative
functionalization followed by effective decoration of Rh nanospheres at the defect sites of
the MWNTs. The higher current density at an ultra low applied field indicates the origin
of extraordinary emission performance from the co-operative interaction of Rh with
MWNTs.

A summary of all the major conclusions of the present study with respect to the
shape selective synthesis of Rh nanostructures, their heterostructure formation with CNTs
along with their structure-property relationship and effects on various properties like
electrocatalytic, SPR and electron transfer are discussed in chapter six. One of the key
results is the synthesis of highly monodispersed and shape selective Rh nanostructures
with tunable reactivity and their presumable mechanism of formation by CVD. In
addition, a simple and efficient method of chemical functionalization of MWNTs has
been discussed with enhanced water solubility. This could be obtained only by a rapid
and efficient generation of an appreciable amount of hydrophilic functional groups using
microwave radiation followed by Rh decoration as demonstrated by their further
electrochemical, spectroscopic and field emission behaviour. Other related experimental
studies also clearly show the usefulness of acid functionalization in synthesizing
Rh/MWNTs hybrid materials. The physical properties of these hybrid nanostructures are
indeed, different from that of their individual counterparts indicating their intrinsic
flexibility for tuning properties based on co-operative interactions between the individual
components. However, several limitations such as size and shape selectivity of catalysts,
wide distribution of different sizes and their interconversion could restrict their wide

spread commercial applications and further work is desired to alleviate some of these
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disadvantages. Various other barriers such as long reaction time, tendency of temperature
dependent reorganization and reorientation of the capping organic monolayer, and the
enhanced sensitivity towards environment also need to be addressed seriously. Despite
these limitations, the results of present study are believed to be useful to understand
several fundamental phenomena of metal nanostructures for fabricating nanoscale
devices in future.

The results presented in the thesis clearly suggest the usefulness of high aspect
ratio nanostructures of Rh as a multifunctional nanomaterial for many industrial
applications like electrocatalysis, field emission and nanoelectronics in comparison to
that of bulk Rh. The possibility of manipulating the electron transfer properties of Rh by
shape, size and aspect ratio has been demonstrated in this thesis, which is expected to
hopefully resolve several important issues related to fundamental properties of Rh

nanostructures.
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CHAPTER 2
High Aspect Ratio Rhodium Nanostructures: Synthesis,

Characterization and Tunable Electrocatalytic Activity*

One dimensional assembly of rhodium nanoparticles (5-7 nm mean diameter) has been generated
with the help of poly-dentate molecules like hexamethylene tetraamine, tridecyl amine, tartaric

i

and ascorbic acid as effective capping agents.
Subsequent  characterization by using
transmission electron microscopy, scanning
electron microscopy, X-ray diffraction and X-
ray photoelectron spectroscopy reveals the
formation of unique inter-connected network of
needles and bundles of nanorods on a larger
scale. The structural evolution has been further
analyzed with thermogravimetric and Fourier
transform infra-red spectroscopic results to
demonstrate the importance of controlling
critical parameters like concentration of Rh ions,
temperature, pH and reaction media to obtain
their unique morphological features using

polyfuncional molecules. A noteworthy negative shift of the onset potential towards the
electrooxidation of formic acid using nanochains, nanoneedles and nanorods compared to that of
bulk Rh from cyclic voltammetry along with current densities from current-time transient
suggests their potential application as an efficient electrocatalyst for fuel cells. These findings
open up new possibilities for tailoring nanostructured electrodes with potential benefits since the
development of a better electrocatalyst for many fuel cell reactions continues to be an important

challenge.

- |
*A part of the work discussed in this chapter has been published in: “Energy and

Environmental Science, 2010 (in press)”
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2.1. Introduction

Synthesis of monodispersed nanoparticles has been a central issue of surface and
interfacial electrochemistry with many techno-commercially important applications.
Although a large scale synthesis of most of these particles has been achieved in the past,
simultaneous control of their shape, surface structure and anisotropy is still a challenge
for many of them [1]. Interestingly, as compared to homogeneously structured
nanoparticles, anisotropic and interconnected (inter-assembled) nanostructures promise
further degrees of freedom towards tuning their structure-function relationship related
with the size and shape of each segment as well as the coupling between them [2].
Accordingly, recent literature is replete with various attempts for the coupling of “as-
synthesized” metal nanoparticles often with in sifu assembly of nanostructured colloids,
nanoparticle agglomerates, submicron hollow spheres and nanoparticle rings using bi-
functional surfactants or analogous polymeric systems [3]. Distinct properties exhibited
by 1D (chains, needles, rods, wires and tubes) nanostructures with respect to individual
particles dictate their potential applications [4]. For example, such 1D nanostructures of
transition metals like Pd, Pt, Rh, Ir and Ru have special importance in areas like oxidation
catalysis, fuel cells, solar energy conversion, environmental remediation owing to their
excellent activity, tenability and stability [5].

In spite of the high cost, Rh is an attractive metal which needs to be exploited
fully for many applications such as fuel cell and electrocatalysis in view of its high
tolerance for CO poisoning (inadvertently present in the hydrogen fuel stream or formed
as an intermediate contaminant when methanol is used) with respect to Pt and more
significantly due to its relatively unknown size-dependent properties [6]. Moreover, it has
several unique capabilities like chemical inertness towards mineral acids, specific
catalytic activity for a variety of organic transformations [7], especially on single crystals
[8], multivalent redox tendency [9] and its uncanny ability to act as supported catalysts
on a variety of flat oxide substrates [10]. For a majority of these applications, however,
mechanistic details such as the rate dependence of formic acid oxidation on Rh

nanoparticles are not well understood and more studies are hence necessary to elucidate
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the size and shape-dependent reactivity. This is partly due to the fact that many of these
studies have been performed under widely varying experimental conditions and with
samples using different synthetic methods.

In the first chapter, we have given a brief review of the synthesis, assembly and
various properties of Rh based nanostructures with their morphological details. All
preparation methods, including colloidal/chemical, electrochemical and chemical vapor
deposition have been discussed in relation to their precise control over selective growth
of nanostructures with few major limitations highlighting the importance of maintaining
an accurate system profile during the synthesis. However, no experimental details have
been given about how to make high aspect ratio Rh nanostructures. Accordingly, in this
chapter we describe a facile and straightforward route for the synthesis of high aspect
ratio Rh nanostructures including chains, rods and needles using specific capping
molecules such as hexamethylene tetraamine (HTA), tridecyl amine (TDA), tartaric (TA)
and ascorbic (AA) acids. These 1D nanostructures have been further characterized by
various techniques including scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray photoelectron spectroscopy (XPS) and thermogravimetry
(TG). These nanostructures have also been tested as electrocatalysts for fuel cell reactions
using cyclic voltammetry (CV) and I/t transients to show significant enhancement in
electrocatalytic activity/performance in comparison with that of bulk Rh. Further a
tentative growth mechanism has been proposed to explore the effect of polyfunctionality
corresponding to the capping molecules towards the building of 1D morphologies along

with tunable activity.
2.2. Experimental Section

2.2.1. Materials

Rhodium chloride (RhCl3.3H,0) (99.9 %), ascorbic acid (AA), tartaric acid (TA),
hexamethylene tetraamine (HTA), tridecyl amine (TDA), sodium borohydride (NaBH4)
and commercial Rh foil (bulk Rh) were purchased from Aldrich Chemicals, while AR

grade sulphuric acid, formic acid, ethanol and acetone were obtained from Merck. All
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reagents were used without any further purification and deionized water (18MQ) from

Milli-Q system was used in all experiments.

2.2.2 Synthesis

Rh nanostructures were synthesized by the reduction of Rh’" ions in presence of
polyfunctional (surface passivating) molecules like tartaric acid and ascorbic acid as
capping agents. Detailed synthesis of nanochains through the involvement of various
steps via nucleation and growth control followed by their self-assembly into aligned
nanochains is diagrammatically shown in Figure 2.1 and all relevant reaction conditions

are also summarized in Table 2.1.

RhCl;
TA/AA

Qg ARy
L+ R R A
FIgPs 0.00
- -} &
Ag. NaBH
L ar e ' D
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Figure 2.1. Diagrammatic representation of various steps involved during the formation of Rh
nanoparticles via nucleation and growth through aggregation followed by their self-assembly into
aligned nanochains: TA and AA represent tartaric and ascorbic acid molecules respectively.
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Initially, a single phase (aqueous) mixture of Rh’" and TA/AA in 1:2 molar ratio
was stirred in an ice bath for 30 min followed by subsequent reduction using drop-wise
addition of 0.1 M aqueous NaBH,. The orange red colour of Rh solution became blackish
gray indicating the formation of Rh nanoparticles within 30 min. Rh nanochains were
synthesized by a further extension of the above experiment for next 3h to effect Ostwald
Ripening [11].

Table 2.1. Experimental conditions for the evolution of different Rh morphologies by various
poly-functional molecules in 1:2 molar ratio using ImM rhodium chloride.

No. Morphology Nanochains Nanoneedles | Nanorods
1. Symbol Rh-AA Rh-TA Rh-TDA Rh-HTA
2. Capping Agent Ascorbic acid | Tartaric Acid Tridecyl amine | Hexamethylene
tetraamine
3. Nucleating agent - - Rh-AA Rh-AA
Nanoparticles Nanoparticles
4. Reaction Medium Water Water Ethylene Glycol | Ethylene Glycol
5. Temperature 0°C 0°C 170 °C 170 °C
6. Reducing Agent NaBH4 NaBH, - -
7. Reaction Time 3h 3h 40 min 40 min
8. Solvent For Acetone/ Acetone/ Acetone/ Acetone/
purification Ethanol Ethanol Ethanol Ethanol

Nanorods and nanoneedles were synthesized by a slightly modified Polyol
method using the calculated amount (Table 2.1.) of hexamethylene tetraamine or tridecyl
amine as a capping molecule. For the synthesis of high aspect ratio nanostructures (Rh-
AA) nanoparticles were used along with TA/TDA capping molecules respectively and
RhCl; was added simultaneously in anhydrous ethylene glycol in the presence of pre-
synthesized Rh-AA (~ 5 nm) nanoparticles for nucleation at 170 °C with continuous
stirring. Subsequently, these were precipitated using ethanol to remove any unbound

capping molecules repeatedly, before further characterization studies.
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2.3. Structural and Morphological Characterization

2.3.1. X-ray Diffraction (XRD)

X-ray powder diffraction studies were performed using CuKo (A = 1.54 A) radiation on a
Philips PW1830 instrument operating at 40 kV and a current of 30 mA at room
temperature. Diffraction patterns were collected at a step of 0.02° (20) after background
subtraction with the help of a linear interpolation method [12]. The samples were

prepared as thin films on glass substrates.

2.3.2. Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray (EDX)
Analysis

The morphology of these Rh nanostructures was examined using a LEICA Stereoscan
440 scanning electron microscope (SEM). A small amount of the sample was mounted on
Cu stubs and micrographs were recorded with a 20 kV tension and 20 pA current with the
help of a camera attached on the high resolution recording unit. This SEM instrument
was been equipped with Phoenix energy dispersive spectral (EDS) analysis setup to map

the elemental analysis.

2.3.3. Transmission Electron Microscopy (TEM)

A selected amount of Rh nanostructured sample was sonicated in ethanol to prepare a
homogenous suspension. A drop of this was cast on lacey carbon film-coated Cu micro-
grids. After drying, these grids were then used for structural investigation using a
transmission electron microscope (TEM) - JEOL model 1200 EX instrument operated at
an accelerating voltage of 120 kV attached with selected area electron diffraction
(SAED). The images were digitized in the size of 256 x 256 pixels with a pixel size of
0.03994 nm and thus atomically resolved images were possible. These images were
stored after digitization and the power spectra were calculated to enable detailed

structural analysis in terms of interplanar distances and angle between planes.
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2.3.4. X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were carried out on a VG MicroTech ESCA 3000 instrument at a
pressure of >1 x 10” Torr (pass energy of 50 eV, electron takeoff angle 60°, and overall
resolution ~1 eV using monochromatic Mg Ka (source, hv =1253.6 eV). The core level
spectra of the C Is and S 2p orbitals were recorded with an overall instrumental
resolution of ~1eV. The alignment of binding energy was carried out using Au 4f
(84 eV) as a reference. The X-ray flux (power 70 W) was kept deliberately low to reduce
the beam-induced damage. The spectra were fitted using a combined polynomial and

Shirley type background functions [13].

2.3.5. Thermogravimetric Analysis (TGA)

Thermal stability and relative strength of capping/building molecules along with their Rh
residues were quantitatively traced out using TG measurements. In order to carry out

thermogravimetry (TG), about 2-3 mg of the Rh sample was heated on a TGA Q5000 TA

Instruments-Thermal analyzer from 50 °C to 900 °C at a rate of 10 °C/min in air.

2.3.6. Electrochemical Measurements

All the electrochemical measurements were performed on an Autolab PGSTAT30 (ECO
CHEMIE) instrument using a standard three electrode cell comprising of Rh nano-chain/
nanoneedles/nanorods modified glassy carbon disc ( GC; 3 mm diameter from ECO
CHEMIE) as working electrode, Pt foil as counter electrode and Hg/Hg,SO4 as a
reference electrode in 0.5 M H,SO4 at room temperature. The glassy carbon electrode
was polished before each experiment with 1.0, 0.05 and 0.03 pm alumina slurry and then
sonicated in de-ionized water for 10 min. Calculated amount of nanostructured Rh
samples were sonicated for 10 min and drop casted on the active tip of the GC electrode
maintaining the same Rh loading on the electrode surface for all measurements. After
evaporation under a partial vacuum for 30 min, 10 uL of 0.1 wt % Nafion solution was

drop-casted on the electrode surface to cover and stabilize the nanostructures for all
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electrochemical studies. Prior to all analysis, the electrolyte was saturated by passing

ultra-high purity nitrogen.
2.4. Results and Discussion

2.4.1. Morphological Studies

2.4.1.1. Rhodium Nanochains

Figure 2.2 (a) and (b) shows a comparison of the TEM images of Rh nanoparticles (Rh-
TA and Rh-AA) synthesized using polyfunctional molecules like tartaric acid (TA) and
ascorbic acid (AA) as capping molecules having size of ~ 7 nm and ~ 5 nm respectively,

which distinctly reveal the difference in the size and shape distribution along with their

interconnected arrangements.

z
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Figure 2.2. TEM image of purified Rh nanoparticles with different capping molecules; (a) Rh-
TA and (b) Rh-AA revealing particle sizes of ~7.0 nm and ~5.0 nm respectively.

These particles have nonspherical shapes (anisotropic) which could be due to
multiple functional groups that provide surface passivation (TA and AA) along with their
flexible connections facilitating inter-particle interactions. However, once we extend the
reaction for next 3h, nanoparticles of same size are seen to self-assemble into nanochains
at micron levels as shown in TEM images [Figure 2.3 (a) and (b)], for Rh-TA and Rh-

AA cases respectively. Moreover, their morphological variation with time leads to a
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remarkable networking on a larger scale, instead of coalescence to bigger particles, which

can mainly be explained by the nature of polyfunctional capping agents.
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Figure 2.3. A comparison of the TEM images of Rh-TA (a) and Rh-AA (b) nanochains by the
interlinking of nanoparticles after 3h having assembly on micron scale; (c) and (d) indicate their
particle size distribution with particle mean diameter of 7.0 £ 0.5 nm and 5.0 £ 0.5 nm
respectively, while SAED (e) and (f) reveal diffraction pattern corresponding to crystalline Rh
(fce).

After 3h, in both the cases, nearly monodispersed chains of 7.0 £ 0.5 nm and 5.0 £ 0.5
nm respectively for Rh-TA and Rh-AA are formed having a length of several microns.

However, a closer observation of these TEM images of nanochains shown in figure 2.3

Bhaskar R. Sathe 62



Ph.D. Thesis Chapter-2 University of Pune, December 2010

(a) and (b) indicates significant morphological differences. For example, Rh-AA
nanochains show a close packed assembly of smaller Rh nanoparticles compared to those
of Rh-TA which could be explained due to the structural variations of TA and AA
molecules. A similar large assembly of Au nanoparticles has been reported by Xu and
coworkers, using conjugated polymers by a related approach [14]. Further, Thomas and
coworkers have demonstrated, the organization of Au nanorods to nanochains by using
simple polyfunctional molecules like o, w-alkanedithiols especially for their tunable
optical features through the inter-plasmon coupling [15]. Recently, Chan and co-workers
have also reported chains of Ni hollow microspheres through the aggregation of small Ni
nanoparticles for tunable magnetic properties by a related approach [16]. Chain formation

has been monitored by the size and shape analysis of TEM images at different time scales

(c) )

during the growth process.

[ (a)

Nanochains

j

Figure 2.4. A schematic representation of the growth mechanism of Rh nanochains: (a) process
of nucleation and (b) growth through aggregation followed by (c) self-assembly into chain
formation.

Nucleation

As illustrated in Figure 2.4 (a-c), a schematic representation of a three step model
is proposed to explain the growth mechanism along with well-aligned organization of Rh
nanochains. In the first step, the primary Rh nanocrystallites nucleate and grow into
nearly monodispersed nanoparticles as presented in Figures 2.1 and 2.4 (a), (b) and also

in images shown in Figure 2.2 and 2.3 (a) and (b) respectively. Finally, these
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nanoparticles reach their equilibrium size and further self-assemble into nanochains
through various functional groups of the TA and AA molecules. As a result of this, for a
longer reaction time (3h), nanochain formation has been observed instead of their further
growth into bigger nanoparticles except perhaps their interlinking. Accordingly, Figure
2.3 (c) and (d) respectively shows a similar size distribution for both Rh-TA and Rh-AA.
This tendency of self-assembly into nanochains along with their strong binding energy
contribution dominates the thermodynamic driving force from aggregation resulting into
nanochain formation. It is clear from the above discussion that polyfunctional molecules
play an important role in improving their connectivity and stability. The crystal structures
as shown in Figure 2.3 (e) and (f) by representative SAED patterns of Rh-TA and Rh-AA
respectively, exhibit dominant reflections corresponding to (111), (200), (220) and (311)
planes of the fcc Rh, which is also in complete agreement with the XRD results [17].
However, the SAED rings are not continuous, and the discrete spots, suggest preferential

orientation of the Rh nanoparticles in the interconnected network.

2.4.1.2. Rhodium Nanoneedles and Nanorods

1pm F————

16@nn | H

Figure 2.5. A comparison of SEM images of Rh-TDA nanoneedles synthesized using modified
Polyol method at ~270 °C at different magnifications ( a and b) having lengths of ca. 1pm and
thickness of 100 nm.

Figure 2.5, shows a comparison of the SEM images of Rh nanorods synthesized using

modified Polyol method at ~270 °C with TDA as the capping agent. More specifically,
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low magnification SEM image (a), reveals a uniform distribution of nanoneedles in
separated form as shown in (a) with a high yield. The magnified image shown in (b)
demonstrates that the length of the nanoneedles are ~1 um having a thickness of about ~
100 nm. A close observation of these individual nanoneedles also indicates that in
contrast to other 1D nanostructures, both ends of these structures have sharp tips. Further,
a comparison of Figure 2.6 (a) and (b) shows SEM images of Rh nanorods as bundles
prepared by modified Polyol process with HTA as the capping agent that suggests a high
yield with uniform features. For example, low magnification SEM image in (a) reveals
high yield of nanorods having diameter ~1 um and length upto ~1.5 pm with few single
nanorods of even 300 nm size as observed in Figure 2.6 (b). This unique morphological
feature is significantly different compared to that of other regular nanorods of Au, Ag, Pd
and Pt which also show bundles with a loosely interconnected network. The growth of
these nanorods due to higher surface energy and large number of additional free
functional groups present in HTA is controlled by their inter-wall interactions towards
each other that allow coordination with solvents, contributing to the driving force to form

bundles [18].

| pm " 300 nm

EHT=26.88 kV

Figure 2.6. SEM images of Rh-HTA nanorod bundles, synthesized using modified Polyol
method in ethylene glycol medium at ~260 °C under different magnifications (a) and (b) having
the length of ~ 1pm and thickness of ~60 nm.
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2.4.2. X-ray Diffraction and Energy Dispersive X-ray Analysis
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Figure 2.7. X-ray Diffraction patterns of as-synthesized Rh-AA (a) and Rh-TA (b) nanoparticles
revealing reflections from (111), (200) and (220) planes, which suggest fcc structure along with
EDS profile of as-synthesized Rh-TA (c) and Rh-AA (d) nanoparticles respectively.

Results of X-ray diffraction carried out to investigate the crystallinity and phase purity of
these nanostructures and also to evaluate their size distribution are shown in Figure 2.7
(a) and (b), which reveal the fcc structure as known earlier for as synthesized Rh
nanoparticles corresponding to that in figure 2.3 (a) and (b) respectively [19]. Crystallite
size is calculated from the full width at half maxima (FWHM) of the (111) (43.54° peak;
corresponding to d values of 2.25 A and 2.27 A) peak using the Debye-Scherrer formula
[20],
Crystallite Size = Ksix / BCosf (2.1)

Where, Ks is the Scherrer constant (0.9 for spherical particles), Ax is the wavelength of
the X-ray diffraction (1.54 A for Cu Ka), B is the FWHM of the peak and 0 the
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diffraction angle [12, 20]. The calculated crystallite sizes are ~ 7 nm and ~ 5 nm for Rh-
TA and Rh-AA respectively, which is again in excellent agreement with the
corresponding size from TEM images as shown in Figure 2.2 (a) and (b) respectively.
This of course, assumes the spherical shape of these particles along with no lattice strain

and no peak broadening due to temperature effects.
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Figure 2.8. Superimposed X-ray Diffraction pattern of as-synthesized nanoneedles, nanorods and
nanochains revealing reflections from (111), (200) and (220) planes, which suggest fcc structure.

Moreover, no impurity phases corresponding to rhodium oxide or other reactants
has been detected which is also verified by the EDS analysis as shown in Figure 2.7 (c)
and (d) respectively. The local chemical composition of Rh-TA/Rh-AA nanoparticles,
where signals at 0.26 keV and 0.51 keV correspond to carbon and oxygen from the
capping molecules confirm the presence of TA and AA capping respectively, while peaks
in the range 2.6-3.2 KeV could be identified as Lg; and L,; emission corresponding to X-
ray signals of Rh [21]. The relative change in broadening of (111) peak with morphology
changes are clearly evidenced in Figure 2.8, where, a comparison of XRD pattern of

nanochains, nanoneedles and nanorods reveals interesting changes.
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2.4.3. Thermogravimetric Analysis
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Figure 2.9. Thermogravimetric profiles of (a) Rh-AA and (b) Rh-TA revealing a slow
decomposition of AA molecules having (~ 20 % weight loss) than that of TA having ~12 % loss
in air respectively.

A comparative analysis of thermogravimetric (TG) properties provides a measure of the
strength of the chemical bonding between the Rh surface atoms and the capping
molecules from the change in percentage of weight loss corresponding to the
decomposition of the capping molecules [22]. Accordingly, Figure 2.9 shows
superimposed TGA curves obtained for (a) Rh-AA and (b) Rh-TA nanochains in the
temperature range of 50-900 °C under air. Initially, ~12 % weight loss corresponding to
the TA takes place in the temperature range of 160-570 °C, while Rh-AA shows only ~20
% weight loss corresponding to the removal of AA in the range of 200-850 °C.
Comparatively higher thermal stability (~300 °C) of Rh-AA with respect to Rh-TA along
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with their slow decrease in weight loss in a wider range could be due to the fundamental
structure of AA having a cyclic furan ring with relatively higher thermal stability than
that of aliphatic TA along with their own contribution from inter-chain van der Waals
interactions. If we assume that these respective decomposition temperatures are
indicative of a measure of the strength of the capping molecules to Rh, Figure 2.9
suggests that the -O-Rh bond of Rh-AA is stronger than that between Rh-TA. However,
for TA capped Rh nanochains, the overall weight loss (~12 %) is much smaller than that
corresponding (20 %) to AA capped Rh nanochains. This is also supported by the
appearance of intensity variation of multiple de-convoluted XPS peaks corresponding to
Rh, C and O signals, indicating the intriguing geometrical effects of TA/AA molecules

towards their stability and assembly formation [23].

2.4.4. Fourier Transform-Infra Red Studies

FT-IR studies also reveal the relative role of capping molecules towards the 1D
nanostructure formation. Accordingly, figure 2.10 (a)-(d) shows a comparison of the
FTIR spectra of TA and AA before and after capping with Rh. Interestingly, a
comparison of these spectra reveals the disappearance of two/four bands in the range of
3300-3600 cm™ for the nanochains (Rh-TA and Rh-AA respectively) which corresponds
to the symmetric -O-H stretching of both TA and AA skeleton. The capping molecules
are linked through the -O-H groups to the Rh nanoparticles as can be seen from (a) and
(d). More importantly, the appearance of additional strong bands in the range of 1350-
1650 cm™ in both the cases suggests the involvement of carbonyl and lone pair of
oxygen, also for their network formation. Moreover, the appearance of an additional
strong band at 900 cm™ in case of Rh-TA and at 500 cm™ in case of Rh-AA is attributed
to the presence of Rh-O bond [24]. The rest of the peaks remain common in both the
cases corresponding to the capping molecular skeleton. Therefore, it is likely that Rh
nanoparticle surfaces in the nano-chain already had a complex like environment because

of the poly-dentate nature of TA and AA molecules. This is also supported by the TG
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analysis which reveals a slow weight change/loss due to the disparate utilization of poly-

functional association of TA and AA towards the assembly formation.
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Figure 2.10. Superimposed Fourier transform-infra red spectra of (a) Rh-TA, (b) TA (c) AA and
(d) Rh-AA in KBr matrix indicating strong peaks at 900 cm™ and 500 cm™ corresponding to Rh-
O linkage of Rh-TA and Rh-AA respectively.

Further, the functional involvement of the passivated TDA molecules on these
nanoneedles (Rh-TDA) can be obtained from the FTIR analysis, as shown in Figure 2.11
(a), where the C-H stretching region (2800- 3000 cm™) is particularly informative about
the orientation of methylene chains and Rh-TDA nanoneedles. In addition, Figure 2.11
(a) reveals that the capping agent is intact except for the disappearance of a peak due to —
N-H stretching at 3320 cm™ after anchoring to Rh surface. The appearance of an
additional strong band at 812 cm™ is attributed to the presence of Rh-N bond [25]. A few
sharp bands near 1030 and 1358 cm™', which are absent in the spectra of TDA, could be
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ascribed to the coordinated N species. In addition, a broad band at 2320 cm™ suggests the
presence of N as a charged amine species (-NH"), indicating the involvement of

electrostatic interactions, especially with the nanoparticle surface [26].
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Figure 2.11. Superimposed FTIR spectra of (a) TDA and (b) Rh-TDA (nanoneedles) indicating
the involvement of tridecylamine for the organization of nanoneedles; a strong peak at 812 cm’
corresponds to Rh-N linkage.

2.4.5. X-Ray Photoelectron Spectroscopy

XPS analysis has been carried out in order to understand the molecular level interactions
of the capping (TA, AA, HTA and TDA) molecules on Rh nanochains and these results
are in good agreement with that of FTIR, EDS and TG analysis. For example, Fig. 2.12
shows a comparison of the core level spectra of (a) Rh 3d, (b) O 1s and (c) C Is of Rh-
TA nanochains. The peak position, line shape and peak-to-peak separation (~ 4.7 eV) are
a standard measures of the Rh oxidation state and the binding energy for Rh 3d doublet
(306.1eV and 310.8 eV) is consistent with Rh’ oxidation state [Figure 2.12 (a)] [27].
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Figure 2.12. XP spectra of Rh-TA nanochains revealing the core level information on the linker
capping molecule, (a) Rh 3d (b) O 1s and (c) C 1s signals (experimental data points are shown as
circles, resultant fitting curves as continuous lines and individual fitted curves as dashed lines
deconvoluted by using Shirley fitting algorithm).

Figure 2.12 (b) shows XP spectra of Ols where the deconvolution of the peak
with respect to Gaussian fitting show two distinct peaks at 532.2 eV and 533 eV,
corresponding to oxygen species of carbonyl (>C=0) and -O- of all the hydroxyl groups
of TA respectively. These perhaps reveal potentially active sites for interconnected
organization. Figure 2.12 (c) shows C 1s XP spectra having three distinct peaks at 284.8
eV, 281.7 and 287.5 eV respectively. The peak at 284.8 eV is attributed to the C 1s peak
for -C-C- linkage corresponding to TA, while another higher binding energy peak at
287.5 eV is presumably for -C-O linkage corresponding to carbonyl group; another lower
binding energy peak at 281.7 eV might be due to overcharged carbon of the carbonyl
group after the network formation [28]. Similarly, the XP spectra for other nanostructures
have been analyzed based on Shirley fitting and the binding energies of C 1s, Rh 3d, O 1s

and N 1s present in Rh nanochains, nanoneedles and nanorods are shown in Table 2.2.
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Table 2.2: A Comparison of the binding energy positions of C 1s, Rh 3d, O 1s and N 1s present
in Rh nanochains, nanoneedles and nanorods.

Species Binding Energies (eV)
Nanochains | Nanochains Nanoneedles | Nanorods
(Rh-TA) (Rh-AA) (Rh-TDA) (Rh-HTA)
Cls 284.8, 281.7, | 284.5, 286.5, 286.7,
287.5 286.2 285 284.9
Rh3d | 3ds, | 306.1 306.5 305.1 304.8
3da, | 310.8 311.5 309.7 309.5
Ols 532.2,533 533.4,532.8 | cemmmmeem | e
N T B 398.5 398.8

These XPS results are in good agreement with that of FT-IR studies, which

confirm the presence of capping molecule on the surface of Rh nanostructures. Moreover,

the use of these molecules render the Rh more active as the tendency for agglomeration is

prevented by modifying the Rh surface. In other words, polyfunctional molecules like

TA, AA and HTA form self-assembled network of nanoparticles and nanorods through

the remaining functionality present on the surface revealing that quantum size effects as

confirmed by some of the earlier reports [29]. The control over particle size and
dispersity by surface functionalization intended to enhance particle stability and dictate

surface chemistry, solubility, the degree of particle interactions and also helps to increase

their electrocatalytic performance. All the above results by TEM, XRD, FT-IR, TGA,

EDS and XPS clearly show that the structural changes of the passivating organic

molecules could be responsible for their morphological evolution.
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2.4.6. Electrocatalytic Studies towards Formic Acid Oxidation
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Figure 2.13. (a) Superimposed cyclic voltammograms of (I) Rh-TA, (II) Rh-AA and (III) bulk
Rh electrode in a mixture of 0.5 M HCOOH and 0.5 M H,SO, using a Hg/Hg,SO, as reference
electrode and Pt foil as a counter electrode at a scan rate of 50 mV/s (second cycle). (b)
Superimposed transient current density curves of formic acid oxidation for (I) Rh-TA, (II) Rh-AA
and (II1) bulk Rh at an applied potential of 0.20 V for 100 s.

Figure 2.13 (a) shows the superimposed cyclic voltammograms (CVs) of Rh in (I) 0.5 M
H,S0O,4 and (II) in a mixture of 0.5 M H,SO4 and 0.5 M HCOOH solution at a scan rate of
50 mV/s to correlate the potential range of Rh-oxidation and formic acid oxidation
respectively. Accordingly, superimposed CVs in (I) 0.5 M H,SO4 exhibit a prominent
oxidation with an anodic peak at 0.40, 0.20 and 0.23 V corresponding to (I) Rh bulk, (II)
Rh-TA and (III) Rh-AA along with a reduction of the oxide species at -0.05, -0.20 and -
0.22 V respectively during the reverse cathodic sweep. Furthermore, voltammogram (II)
compares the electrochemical features of formic acid oxidation using bulk Rh, Rh-TA
and Rh-AA in a mixture of 0.5 M HCOOH and 0.5 M H,SO4. When the anodic potential
increases during the forward scan, peaks at 0.25, 0.19 and 0.20 V are observed for bulk
Rh metal, Rh-TA and Rh-AA respectively corresponding to the oxidation of HCOOH.
During the forward scan, formic acid oxidation produces a prominent anodic peak with a
current density of 490 and 280 pA/cm® for Rh-TA and Rh-AA respectively, while only
30 pA/cm? is seen for bulk Rh.
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Table 2.3. A comparison of the electrocatalytic performance of Rh nanostructures from cyclic
voltammetric data for the oxidation of HCOOH (0.5 M) in H,SO4 (0.5 M) at 50 mV/s.

No. Electrocatalyst | Onset Potential | Current Density | Relative Enhancement
(V) (mA/cm?) Factor (n)

1 Bulk Rhodium 0.25 0.030 -

2 Rh-AA 0.21 0.280 1200
(nanochains)

3 Rh-TA 0.19 0.490 2000
(nanochains)

4 Rh-TDA 0.105 0.626 2500
(nanoneedles)

5 Rh-HTA 0.101 1.466 6000

(nanorods)

Figure 2.14 (a), shows superimposed cyclic voltammetric response of (I) Rh-
HTA, (II) Rh-TDA and (III) bulk Rh towards formic acid oxidation at a typical scan rate
of 50 mV/s. When the anodic potential increases during the forward scan, peaks at 0.105
and 0.101 V are observed for Rh-TDA and Rh-HTA respectively corresponding to the
oxidation of HCOOH. During the forward scan, formic acid oxidation produces a
prominent anodic peak with a current density of 626 and 1466 pA/cm’® for Rh-TDA and
Rh-HTA respectively.

As discussed earlier, the voltammograms show two oxidation peaks, typical for
the transformation of formic acid and/or CO to CO,. A significant negative shift in the
onset potential and high anodic peak current for the formic acid oxidation have been
observed on the Rh-HTA as compared to all other nanostructures and bulk Rh that
confirms their highest electrocatalytic activity (Table 2.3). This improvement in the
activity of nanoneedles is in excellent agreement with morphological results as discussed

in more details in the next section.
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Figure 2.14. (a) Superimposed CVs of (I) Rh-HTA, (IT) Rh-TDA and (IIT) bulk Rh electrode in a
mixture of 0.5 M HCOOH and 0.5 M H,SO, using a Hg-Hg,SO, as reference electrode and Pt
foil as a counter electrode at a scan rate of 50 mV/s (second cycle). (b) Superimposed transient
current density curves of formic acid oxidation for (I) Rh-HTA, (II) Rh-TDA and (III) bulk Rh at
an applied potential of 0.20 V for 100 s.

Further this enhanced electrocatalytic activity, confirmed from I-t transients for
all three samples also supports the above conclusion. Accordingly, a comparison of data
in Figures 2.13 (b) and 2.14 (b) shows that transient current density at room temperature
after normalizing with respect to the electroactive Rh surface area for formic acid
oxidation at 0.20 V (corresponding to the potential selected from the CV) on all the
nanostructures are much higher than that on bulk Rh. Interestingly, the current density
shows a decreasing trend, in the order of Rh-HTA> Rh-TDA> Rh-TA >Rh-AA >>> bulk
Rh as also summarized in Table 2.3. The enhancement factor R, which is defined as the
ratio of the current density measured on Rh nanoparticles versus that acquired on
commercial Rh, ranges up to 6000 % for Rh-HTA and 1200 % for Rh-AA respectively
[31]. Moreover, these 1D nanostructures are stable even after electrochemical
measurements indicating that the morphology is potential-independent, which is

unaffected by intermediate reactive species generated during the formic acid oxidation.
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2.5. Structure-Property Correlation

The electrocatalytic activity of these 1D nanostructures could be explained on the basis of
their morphology and tunable properties. The electrooxidation of HCOOH is very subtle
and greatly sensitive to the surface structure, leading to a dramatic variation of the rate
with size, shape and nature of Rh morphologies [31]. Accordingly, comparative studies
on electrocatalytic performance of different 1D Rh nanostructures towards the
electrooxidation of formic acid are carried out to explore its validity for micro fuel cell
applications. The irreversible electrooxidation of HCOOH to CO; on Rh surface could be
written as,

HCOOH — CO3 +2H "42€ oo (2.2)

Ey=-0.25Vvs NHE

The electrooxidation of HCOOH to CO; on Rh surface proceeds via a dual path
mechanism, which involves a reactive intermediate (main path, dehydrogenation) leading
to CO; evolution and adsorbed CO as a poisoning species (parallel path, dehydration) as
shown schematically in pathway steps (1-3) [30]. Hence, all the noticeable current can be
attributed to the oxidation of formic acid and/or CO to CO,. The first anodic peak is due
to the oxidation of HCOOH to CO; [step (1)] on surface sites that remain unblocked by
CO whereas the second anodic peak corresponds to the oxidation of surface adsorbed CO
[peak current slightly increases on cycling due to steps (2) and (3)]. During the cathodic
sweep, a peak is observed after the partial reduction of irreversibly formed surface

oxides, which interestingly, represents the actual catalytic activity of the Rh surface.

dehydrogenation s CO,+2H*+2¢ (1)

\ dehydratation > COu+Hy0 (2)

CO,.+OH,y CO+H +e (3)

HCOOH

A plausible explanation for the growth of interconnected nanochains may be

offered on the basis of a kinetically controlled mechanism since the particle surface
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becomes more stable via the deactivation of larger facets by the capping molecules
including HTA, TDA, TA and AA, necessitating a comparatively longer time for the
growth of nanochains, nanorods, and nanoneedles from nanoparticles. For example,
extendable assembly of these nanoparticles is formed upon stirring, especially in the
presence of capped TA/AA having free functional groups leading to the nanochain
formation as illustrated (Oswalds Ripening) in Figure 2.1. Interestingly, even after the
formation of Rh nanochains (Figure 2.2 and 2.3), the average diameter does not change,
suggesting no predominant effect of stirring on the anisotropic growth modes, perhaps
due to qualitative conformational changes in their capped polyfunctional molecules
finally leading to their assembly [18]. This is a clear evidence for our assertion that
nanochains are formed by the interlinking of nanoparticles on the basis of polyfunctional
nature of the capping molecule. Recently, Zhou et al. have reported a similar strategy for
the synthesis of Ni/NisC nanochains (size ~25.4 nm) by using a mixture of
trioctylphosphine oxide (TOPO) and poly vinyl pyrollidone (PVP) with a bigger size and
poly-dispersity, perhaps due to the weaker binding nature of the capping molecules (PVP
and TOPO) [32]. Another supportive reason for the network formation can be drawn by
the relative metal-binding ability of both -OH and >C=0O groups. The adjacent Rh
nanoparticles are interconnected either by hydrogen bonding through the direct coupling
between -OH and >C=0 groups or by covalent bonding (see Figure 2.1) as evident from
the combined results TEM, TG, FTIR and XPS analysis. Further, the role of -OH and
>C=0 as surface passivating agents as well as linkers for the chain formation is inferred
from their highly branched interconnected nanochains.

In this way, the surface bound capping molecules TA and AA moieties provide
more stability and controllable chemical properties to these nanoparticles. Moreover, the
use of TA and AA render Rh nanostructures more active as the tendency for
agglomeration is prevented by modifying Rh surface geometrically/electronically through
their assembly formation. In other words, TA and AA form self-assembled
mono/multilayers on the surface providing stability at nano size distribution (5-7 nm)

revealing quantum size effects as confirmed by some of our earlier reports of excellent
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catalytic activity and single electron performance [7-10]. As colloidal nanoparticles, their
surface passivation by organic capping molecules does not block all the active sites,
especially when polydentate molecules like HTA, TA and AA are used. The control over
particle size and dispersity by surface functionalization, intended to enhance particle
stability, dictate surface chemistry, solubility and the degree of particle interactions that

also helps to increase their electrocatalytic performance.

2.6. Conclusions

Interconnected Rh nanostructures have been successfully prepared at room temperature
by a simple solution phase approach and their structural evolution has been analyzed by
thermogravimetric and Fourier transform infra-red spectroscopic results to demonstrate
the importance of controlling critical experimental parameters using polyfunctional
molecules. A negative shift of the onset potential from cyclic voltammetry and analysis
of current time transient towards formic acid oxidation suggest their potential
applications as efficient electrocatalysts in fuel cells. These findings open up new
possibilities for tailoring nanostructured electrodes with potential benefits since the
development of a better electrocatalyst for many fuel cell reactions continues to be an
important challenge. The redox behavior of all these 1D nanostructures further opens up

their unique ability to manipulate the surface properties.
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CHAPTER 3

Evolution of Rhodium Nanostructures through Micro-

Galvanic Cells*

This chapter describes the shape-selective morphological evolution of nanostructured Rh by a
galvanic displacement reaction using Al in aqueous Rh (lI1) chloride at 298 K. Nanospheres
obtained in this manner have size of ~200 nm assembled by individual nanoparticles of around
2.9 £ 0.4 nm diameter. Considering the role of Al substrate and diffusion of reactant and product
species towards and away from the surface, a tentative mechanism for the formation of
microgalvanic cells has been proposed. Further, investigations towards manipulating the surface
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to tune plasmonic emission reveal morphology-dependent optical features of Rh nanostructures.
The emergence of surface plasmon peaks at 375 and 474 nm respectively, is ascribed to truncated
and smooth surface of nanospheres in contrast to the absence of surface plasmon for bulk Rh (0)
in the visible range. Interestingly, the difference in growth in the presence of poly vinyl
pyrollidone (PVP) during galvanic reactions, indicates a control over the surface structure
(surface tension) between Rh and Al substrate. Small sized, faceted domains are responsible for
the promising characteristics of these Rh nanostructures which might be especially useful for
catalytic, field emission and magnetic applications. This chapter ends with a discussion about the
electrocatalytic activity towards many fuel cell reactions as demonstrated by HCOOH oxidation.

*A part of the work discussed in this chapter has been published in: “Appl. Phys. Letts.
96, 233101, 2010 and another part in J. Phys. Chem. C 113, 9616, 2009”
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3.1. Introduction

Synthesis of metallic nanostructures followed by their assembly on a desired surface in
large scale especially using bottoms-up approach is essential for many of their successful
applications in various fields with profound implications on understanding their
collective behavior [1]. Several recent developments have enabled important applications
in electronics, sensing, catalysis and electrochemistry due to their fascinating properties,
primarily determined by their size, shape, composition and structure [2]. Indeed, this has
been successfully accomplished to achieve different size, controlled shape and their self-
organization at nanolevel for metals like Ag, Au, Pd and Pt using solution chemistry [3].
However, these colloidal nanostructures dispersed in liquids cannot be used directly for
many applications including heterogeneous catalysis and also for device fabrication,
especially because of the challenges in separation and recycling aspects. Furthermore, it
is very difficult to control the size, composition and their self-organization [4]. One way
to overcome these problems is by using electrochemical tools to precisely control the
crystal growth and to design high quality metal and metal oxide nanostructures [5].
Consequently, the growth of nanostructures by electrochemical methods has
received considerable attention as the presence of electric field could offer enormous help
in controlling even complex morphologies such as fractal geometry and dendritic growth.
This method is particularly advantageous because crucial steps such as nucleation and
further growth can be regulated by modulating appropriate physical parameters like
concentration, number of surface active sites on Al surface, temperature, pH and electric
field. In most of these cases, however, growth has occurred under non-equilibrium
conditions and interestingly, a dramatic variation in morphology has been observed either
at low or high overpotentials. For example, recently Pt and RuO, mesostructures prepared
using porous alumina template have shown interesting potential-dependent
morphological evolution for their tunable electrochemical and electrical performance [6].
Similarly, such a slow evolution of Rh nanostructures under equilibrium conditions could
be effected by the simple approach of galvanic exchange, offering a unique way to

control the morphology by choosing a suitable redox couple and this approach has been
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applied successfully to achieve different shapes (viz. cubes, rods, wires and core-shell
nanostructures) of Au, Ag, Pd, Pt and their alloys [7]. This approach is particularly
attractive for preparing nanostructures with well-controlled dimensions and moreover,
due to their simplicity (no need of sophisticated equipments), cost effectiveness and high
throughput. However, some of these nanostructures are contaminated by impurities of in-
situ generated side products and there are also concerns on their variable composition and

morphological dispersion [8].
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Figure 3.1. A schematic illustration of the galvanic displacement reaction between Al substrate
and Rh ions in solution; the reaction can continue as long as ions could diffuse to cause electron
transfer through the surface film.

Although a detailed mechanism of galvanic displacement is not well understood,
an accurate control of key parameters is possible by applying the concepts of corrosion
from the mixed potential theory [9]. In this case, redox exchange proceeds as long as the
oxidized Al ions continue to permeate through the metal film into the solution or until a
thick dielectric layer of hydroxide forms, thereby preventing further mass transfer as
shown in Figure 3.1. Accordingly, Al loses electrons (E°A;"/a; = -1.66 V vs. SHE) and
goes into the solution as solvated Al'" ions, while Rh®" ions in the solution accept these
electrons (E°ry’"/ry= 2.3 V vs. SHE) to form Rh on the surface of Al by the following
displacement reaction,

RhCl3 (aq) + Al(s)—) Rho(s) + A13+ (aq) + 3C17(aq)

[E°enn = 3.96 V vs. SHE; AG = -270 kcal/mole at Standard Temperature
and Pressure (STP)]
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Some Rh (III) ions could also get reduced in solution to form aggregated spheres on a
larger scale. Interestingly, the open-circuit potential (OCP; 0.99 V) shows a significant
decrease with time, perhaps due to a decrease in Rh ion concentration, with concomitant
film formation on Al surface which also confirms the above reaction. It is well known
that chloride ions do cause pitting corrosion on Al surface and these localized pits can
facilitate the formation of microgalvanic cells [10]. However, many questions like in situ
optical response, morphological evolution, thermodynamic aspects and the growth
mechanism have been left unanswered due to the difficulty of controlling the size. One
way to achieve high quality, one dimensional (1D) nanostructures, is by using solution-
phase techniques, via preferential capping mechanisms. It is believed that molecular
capping agents play a significant role in the kinetic control of the nanocrystal growth by
preferentially adsorbing to specific crystal faces, thus inhibiting growth of those surfaces.
Evidence for this selective capping mechanism has been recently demonstrated by the
formation of Ag nanowires using PVP as a capping agent. One possible explanation is
that PVP selectively binds to the {100} facets of silver while maintaining {111} facets to
grow further. Because of this unusual ability of PVP towards facet selective
capping/binding, we have employed that to our microgalvanic approach to modulate Rh
ion diffusion towards substrate followed by their reduction. Therefore, this hybrid
approach is expected to offer many benefits towards the synthesis of 1D Rh
nanostructures.

In the preceding chapter, we have discussed the role of polyfunctional molecules
towards the evolution of shape-selective interconnected and 1D nanostructures of Rh
using external reducing agents for the reduction of Rh** ions followed by their tunable
electrocatalytic activities. The present chapter extends these studies by using a new
approach to achieve facet-selective Rh nanostructures via galvanic displacement based on
the potential difference between Al and Rh ions and also by changing external parameters
like pH, concentration of Rh ions, temperature and time of exposure. On the basis of
morphological evolution and electrochemical studies, we also propose a tentative growth

mechanism for their structural evolution through micro-galvanic cell formation,
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explaining novel optical features and a correlation with growth kinetics on the basis of in
situ UV-visible and time-dependent XRD studies. These Rh nanostructures are of
potential relevance to many applications like single electron devices, electrocatalysts in
fuel cells [11], photo-electrochemical cells and catalysis of a variety of organic reactions
[12] (hydrogenation, hydroformylation, hydride transformation etc.) as demonstrated by

their enhanced electrocatalytic properties towards formaldehyde oxidation.

3.2. Experimental Section

3.2.1. Materials

Rhodium chloride (99%), potassium chloride, potassium bromide and poly vinyl
pyrollidone (PVP) were obtained from Aldrich, whereas aluminum foil (99.9% pure),

acetone, ethanol, formaldehyde and sodium sulphate AR grade were from Merck.

3.2.2. Synthesis of Rhodium Nanostructures by Galvanic Displacement

For the synthesis of Rh nanostructures; galvanic displacement was carried out by
immersing an Al foil (thickness 75 pum after etching in 1M NaOH for few minutes to
remove the surface oxide layer) in aqueous 1 mM RhCls. In a typical synthetic procedure,
an Al foil of bilateral surface area of 2 cm? was first cleaned by sonication in 50 % nitric
acid for 2 min. (to remove the native oxide layer from surface) followed by vigorous
rinsing with deionized water (~18 MQ.cm) and finally the residual i.e., adsorbed organic
impurities were removed by washing with ethanol and dried with nitrogen. This foil was
then immersed in 100 mL of aqueous 1 mM RhCl; solution at room temperature.
Potential-dependent (based on peak potential estimated from cyclic voltammetry)
morphological evolution was carried out using a similar strategy by controlling other
experimental parameters such as concentration, temperature, time of immersion and
exposed aluminum area. Subsequently, the micro-galvanic cells grown on aluminum
surface were analyzed by removing the Rh nanostructures using ultra-sonication in

deionized water.
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The effect of capping molecules on the morphological evolution of nanostructured
Rh was further demonstrated by a modified galvanic displacement approach, using PVP
as the stabilizer, for the building of nanorods. In a typical procedure, similar experiments
were carried out using the above procedure in the presence of PVP at appropriate Rh:
PVP ratio (1:5 both solutions in mM). The material grown on the surface of aluminum
were collected, washed first with 1M NaOH to remove the impurities of alumina
embedded into the nanostructures, followed by deionized water and finally with ethanol
to remove the impurities like chloride ions and excess of RhCl;. This purified material
was further characterized by transmission electron microscopy (TEM), scanning electron
microscopy (SEM), X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS)

and thermogravimetric analysis (TGA).

3.3. Structural and Morphological Characterization
3.3.1. Cyclic voltammetry

Cyclic voltammetric measurements were performed using an Autolab PGSTAT30 (ECO
CHEMIE) instrument, using pure Al substrate as the working electrode and a platinum
foil/wire as the reference and counter electrodes respectively in an aqueous solution of 1
mM RhCl; in 0.5 M Na,SO,. Cyclic voltammetric studies were carried out both with and
without RhCl; solution using Al and/or Pt working electrodes in 0.5 M Na,SO,. After
verifying the thermodynamic parameters like redox potentials from cyclic voltammetry,
chrono-amperometry was carried out at fixed potentials (anodic and cathodic) to
investigate the growth mechanism of nanostructures through galvanic displacement
reactions. Nanostructures obtained at these controlled potentials were collected and
washed with 0.1 M NaOH to remove the impurities of alumina followed by deionized
water till pH became neutral, followed by a final washing with ethanol by repeated
centrifugation (5000 rpm). These purified samples were used for XPS, SEM analysis and
electrocatalytic studies. Experimental details of other characterization details like FT-IR
(DRIFT mode), SEM, HRTEM, XPS and TGA have been already described in section
2.3 of chapter 2.
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3.3.2. Electrocatalytic Studies

Electrocatalytic activities of Rh nanostructures were obtained from cyclic voltammetry
using a standard three-electrode cell on an Autolab PGSTAT30 (Eco chemie) instrument.
As per the procedure discussed in chapter 2 (section 2.3.7), a calculated amount of Rh
sample was dropcasted on the electrode surface for electrocatalytic studies. A Pt foil and
a Pt wire were used as the counter and reference electrodes respectively. Formaldehyde
(HCHO) oxidation was carried out using a solution of 0.5 M NaOH and 0.5 M HCHO at
room temperature; all the voltammograms were measured at a sweep rate of 50 mV/s. All
the potentials here presented with respect to (Hg-HgO and Hg-Hg,SO,) as the reference

electrodes respectively.

3.4. Results and Discussions
3.4.1. Scanning Electron Microscopic Studies

3.4.1.1. Time dependent Morphological Evolution

Figure 3.2. Scanning electron micrographs of Rh nanostructures grown on Al surface at the same
magnifications after (a) 5 min. (b) 10 min. (c) 20 min. and (d) 40 min. from 1 mM RhClI; solution
at room temperature.
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In order to explore the time-dependent morphological evolution of Rh
nanostructures, scanning electron micrographic images at various stages have been
analyzed for subtle changes. Accordingly, Figure 3.2 shows a comparison of SEM
images of Rh nanostructures formed on the surface of pretreated Al surface at for
different time intervals like 5, 10, 20 and 40 min. The images clearly depict high
coverage of nanospheres of ca. 20 nm size immediately after 5 min. The particle
distribution on Al surface from figure 3.2(a) indicates that some of the initial
nanoparticles could act as nucleating centers for further growth. The presence of hetero-
sites on Al surface [sites, where Rh ad-ion initially had got reduced as Rh (0)] and the
limited nucleation density are considered as critical parameters promoting both the
instantaneous growth and the evolution of morphology. Interestingly, it is clear from the
SEM images shown in Figure 3.2 (a)-(c) that, the average diameter of spherical particle
varies as 20, 35 and 75 nm after 5, 10 and 20 min respectively. Assuming the shape to be
invariant, there is only a minor size variation with time along with a concomitant
interlinking of these nanospheres forming a hierarchical assembly. Consequently, Figure
3.2(d) reveals a typical SEM image of as synthesised Rh nanostructures after 40 min
exhibiting nanospheres with an average diameter of ~150 nm, consisting nanospheres of

~30 nm size on its surface having their incomplete growth.
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Figure 3.3. Representative scanning electron micrographic image of Rh nanoassemblies on Al
surface at room temperature for 80 min revealing one directional growth.

Interestingly, these small nanospheres seem to form the foundation for further 1D growth
at longer time (~ 80 min) as shown in SEM image (Figure 3.3). Therefore, their further
growth has generated three dimensional flowerlike assemblies having lower symmetry
and these morphological changes with time do agree well with structural changes
observed from XRD analysis shown in Figure 3.9. Although these structures have no
regular shape, every branch grows along the forward direction and all the arms appear to

have a common origin with varying lengths of about 10 to 100 um.

3.4.1.2. Potential Dependent Morphological Evolution

Figure 3.4 shows representative series of scanning electron micrographs of Rh
nanostructures formed under identical experimental conditions at three fixed potentials of
-1.10, 0.99 (open circuit potential; OCP) and 1.42 V vs Hg-Hg,SO, respectively. These
potentials are selected on the basis of CV using 1 mM RhCl; solution in 0.5 M Na,;SOy as
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the supporting electrolyte using Al substrate as a working electrode. Cyclic
voltammogram for 1 mM RhCl; in 0.5 M Na,SOy, solution gives a cathodic peak at -1.10
V, indicating that, in the presence of Al, charge transfer facilitates Rh (0) formation. The
rate of growth however, is controlled by the mass transfer rate of Rh* to the growing Rh

nuclei centered on the Al substrate surface.

E /(V)

Figure 3.4. Cyclic voltammogram for a mixture of 1 mM RhCl; and 0.5 M Na,SO4 aqueous
solution on Al substrate as a working electrode at 50 mV/s; inset shows SEM images of
corresponding nanostructures prepared at different peak potentials; (a) -1.10 V, (b) OCP, 0.99 V
and (c) 1.42 V respectively.

Indeed, Rh starts depositing from 0.99 V (OCP indicated in CV Figure 3.4) onwards and
causes different morphology depending on the potential even up to -1.40 V, where
hydrogen evolution becomes rampant. This is the primary reason for causing Rh**
diffusion slower with respect to H' ions and this higher concentration of H' ions at the
interface could be responsible for the formation of a large number of active sites for the

reduction of Rh*" ions on Al surface leading to their growth. Furthermore, it reveals a

Bhaskar R. Sathe 94



Ph.D. Thesis Chapter-3 University of Pune, December 2010

chain like pattern, which could be attributed to the presence of lower inter-nuclei distance
and presumably their higher surface energy. Crossover between anodic and cathodic
current curves during the reverse potential sweep (-0.50 V to 0.90 V) arises perhaps due
to the change in nucleation processes on the Al surface. In comparison, during the anodic
scan, a sharp peak is seen at 1.42 V due to Rh dissolution, with concomitant oxide
formation. Further, in the successive stages due to the effect of the overlap between
diffusional fields around the growing nuclei, one can expect the development of local
concentration changes and a potential distribution. These overlapped zones of reduced
concentration (in between the nuclei) result into a diminished nucleation rate controlling

their growth, orthogonal to the plane as shown in Figure 3.4(c).

3.4.1.3. Effect of Polyvinyl Pyrollidone

Figure 3.5 shows the SEM image of Rh nanorods synthesized by the same galvanic
displacement approach in the presence of PVP. Interestingly, in the presence of a very
small amount of PVP (5 mM), the morphology changes from nanospheres (as shown in

Figure 3.2) to bundles of nanorods having 1-1.5 um length and ~200 nm diameter.
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Figure 3.5. Scanning electron micrographs of “as synthesized” Rh nanorod bundles, in the
presence of (1:5) Rh**: PVP ratio in mM concentration.
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However, each bundle has many nanorods of ~40 nm diameter. Significantly, this
extraordinary one dimensional growth of the Rh in presence of PVP could be due to the
blocking of other Al sites present on the surface during nucleation. The diffusion of Rh
ions towards limited number of nucleating sites present on Al surface (unblocked by
PVP) is believed to be responsible for the formation of nanorods instead of 3D

nanostructures.

3.4.2. Transmission Electron Microscopic Analysis

Figure 3.6. Bright field transmission electron micrographs of Rh nanostructures at different
magnifications; (a) and (b) Rh nanospheres (~200 nm) made up of smaller particles having size 2-
3 nm along with (c) of high magnification TEM image of two half nanospheres grown after 5
min. to reveal surface roughness.

Figure 3.6(a) and (b) shows a comparison of the TEM images of colloidal Rh
nanostructures synthesised at OCP (0.99 V) taken after 5 min. These images clearly
indicate an average diameter of ~200 nm having a polydispersity of ~10 %. However,
outer surface of some of them are shown to have an irregular surface due to their
uncontrolled growth as evident from high magnification TEM image of a single truncated
Rh nanosphere with much hair like protrusions as illustrated in Figure 3.6 (c). HR-TEM
images in Figure 3.7 a and b clearly indicate that these aggregates are made up of
nanoparticles having their tendency for organization due to the high surface energy. The
size distribution and regular arrangement are evident from a comparison of the TEM
images of these particles. For example, a high population of uniformly sized particles

with an average size of 2.9 & 0.4 nm along with their statistical distribution (Gaussian), as
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shown in Figure 3.7 (c), is obtained as a result of the analysis of more than 100 spherical

particles, verified from four different samples.

Counts {a.u.
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Figure 3.7. (a-b) High resolution transmission electron micrographs of Rh nanoparticles prepared
by galvanic displacement reaction on Al, revealing a uniform distribution of Rh nanoparticles into
spheres of size ~200 nm; with lattice fringes of (111) plane; (c) histogram indicating an average
size of 2.9 £0.4 nm; (d) SAED pattern revealing rings corresponding to crystalline Rh with fcc
pattern and (e) profile of lattice fringes of Rh (111) encircled in (b), clearly exhibiting a distance
0f 0.225 nm.

Finally, selected area electron diffraction (SAED) pattern shows the crystalline
nature of Rh nanostructures exhibiting dominant reflections corresponding to (111),
(200), (220) and (311) planes as indicated in Figure 3.7 (d). More specifically, Figure 3.7
(e) shows the profile of lattice fringes of Rh (111) encircled in (b), exhibiting a distance
of 0.225 nm which is comparable with the earlier reported value of 0.220 nm for similar

sized Rh nanoparticles synthesized by various approaches [13].
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3.4.3. In situ Optical Studies

Figure 3.8 illustrates the emergence of surface plasmon peaks at around 375 and 474 nm
respectively as a result of the difference in the surface roughness of these nanospheres, as
evident from the TEM images of respective single nanospheres. Indeed, Somorjai’s and
Tilley’s groups have reported different morphologies of as-synthesized Rh nanostructures
using seeded Polyol route revealing surface plasmon absorbance due to shape, size and
capping dependent features [14]. Moreover, McLellan et al. have also reported a similar
surface plasmon resonance of sharp and truncated Ag nanocubes ranging from 60-100 nm
having a blue shift in SPR bands along with the possibility of in situ sharpening of their
edges [15]. Interestingly with time, the intensity of both peaks (absorbance) increases to
reach a critical value before its further reduction due to coalescence. The increase in the
absorbance of the solution associated with both the peaks upto 10 min may be attributed
to the fact that initially the number of nucleating sites are presumably more available for
reduction facilitating the formation of more nanospheres. However, after 80 min, the
absorption spectrum becomes relatively featureless, revealing a broad band peak along
with an overall low absorbance over the visible region, which is consistent with the black
colour of the aggregates (and with the structure and morphology). Further decrease in
intensity with reaction time observed in this case may be due to the change in the rate of
reduction of Rh ions and a concomitant increase in the particle size leading finally to the

formation of an aggregated structure.
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Figure 3.8. (a) Superimposed in situ UV-Vis spectra at different stages of the reaction indicating
response at 375 nm and 474 nm corresponding to truncated and smooth surfaces respectively
[plot numbers i-x stands for scans taken after each 5 min. of time interval] and (b) the variation of
the intensity of peak corresponding to 375 nm as a function of time

Additionally, there is an interesting decrease in the rate of reduction of Rh ions
with time as more aggregation of these nanoparticles on the heteroactive sites on Al
surface occurs. This clearly confirms that the presence of hetero-nuclear sites is necessary
for the spontaneous electrochemical displacement. This demonstration of optical tuning
indicates that such surface sensitive nanostructures of Rh may find additional use in

optical sensing and related SERS applications.

3.4.4. X-ray Diffraction Analysis

In order to investigate the structural evolution with time, XRD studies have been carried
out for these Rh samples, which give insights into subtle changes in the organization of

these nanostructures. The growth of nanostructures in principle, starts from the lowest
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energy sites leading to a progressive displacement to the highest energy sites as a
function of time. Accordingly, the entire diffraction profile shown in Figure 3.9 could be
indexed to (111), (200), (220) and (311) planes of Rh which confirms the formation of
fce structure [13, 16].
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Figure 3.9. (a) Variation of X-ray diffraction pattern for Rh nanospheres having a direct
correlation with the morphological evolution, collected at different stages between 5 to 80 min.
and (b) variation of the comparative intensity ratios of (311): (111) peaks with time.

The above observation indicates a general model of growth, whereby initially fast
reduction of Rh ions favours epitaxial growth into a thermodynamically favorable (111)
low energy crystal face, resulting in the minimization of the overall surface energy [17].
Interestingly, the rate of growth, initially in (311) plane is indeed less; although there is
an increase with time indicating the competition between thermodynamic and kinetic
factors of the galvanic displacement reaction. For example, typically at 5 min, the
reaction is dominated by non-equilibrium conditions so that the growth of nanoparticles
occurs at the thermodynamically favorable low energy (111) plane. With time, however,

these Rh nanospheres become truncated, shifting to a branched surface above 40 min and

Bhaskar R. Sathe 100



Ph.D. Thesis Chapter-3 University of Pune, December 2010

finally to nanorods via accelerated additional growth along the (311) (although it is a
thermodynamically unstable facet, these nanostructures have been formed due to
kinetically driven process) direction. A slight variation in the position and intensity with
respect to bulk pattern perhaps arises due to the lattice miss-match during kinetically
controlled crystal growth. Crystallite size of these particles is about 2.5 nm calculated by
using Scherrer formula, as inferred from the FWHM of the 43.54° peak (corresponding to
a d- value of 2.252 A), which is in excellent agreement (c.a. 2.9 + 0.4 nm) with the
corresponding size from TEM images (Figures. 3.6 and 3.7). Alternatively, growth after
longer time (~ 80 min) shown in Figure 3.3. can be explained by a mechanism of oriented
attachment, where super-saturation of Rh ions on initially nucleated Rh nanospheres
causes steric hindrance between attached aggregates resulting in the formation of a new
order, driven by the rate of adsorption at (311) versus (111) face which is kinetically

controlled under these nonequilibrium conditions.
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Figure 3.10. Superimposed X-ray diffraction patterns for Rh nanospheres (black) and Rh nanorod
bundles (red) synthesized using the galvanic approach at room temperature.

Figure 3.10, depicts the superimposed XRD patterns of Rh nanostructure
especially nanospheres (Figure 3.2b) and nanorod bundles (Figure 3.5) with characteristic
Rh peaks, indexed to a fcc lattice having (111), (200), (220), (310) and (222) planes. A

comparison of the relative intensities of peaks corresponding to Rh-PVP with Rh
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nanospheres synthesized by the same approach indicates the existence of a
morphology/shape dependent preferential growth in different planes. Moreover, these
morphology variations along with specific crystallographic facet could be tailored for
both selectivity and reactivity towards catalytic reactions. For example, the enhanced
activity of gold nanoflowers is ascribed to the presence of high index crystal faces such
as (220) and (331), which exposes surface irregularities, steps and kinks [18]. Similarly,
in our case also, Rh nanospheres synthesized by galvanic displacement approach reveal a
comparatively higher intensity of crystal faces like (220) and (331) with respect to

nanorods using PVP as a capping agent.

3.4.5. Fourier Transform-Infra Red Studies
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Figure 3.11. Superimposed Fourier transform infra-red spectra of (a) Rh-PVP nanostructures
(nanorods) along with that for (b) only PVP to highlight the involvement of PVP in building Rh
nanostructures.
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In order to understand the role of PVP and their local molecular environment involved in
the building of nanorods, FTIR studies have been conducted after making thin pellets
with dry KBr. Accordingly, Figure 3.11 reveals the superimposed FTIR spectra of (a)
PVP capped Rh nanostructures and (b) of only PVP indicating that the capping molecules
do interact with Rh nanostructures. Common peaks at 2805 cm™ and 1450 cm™ give
information about the orientation of methylene chains along with the
symmetric/asymmetric stretching and bending of the C—H of bound PVP on Rh surface,
respectively. Moreover, a strong doublet in the region 1350-1380 cm™ corresponds to the
C-N symmetric and asymmetric stretching [19]. Out of these two, only one peak
corresponding to C-N stretching has been shifted to lower side, which could be due to the
interaction of PVP molecules with Rh. Moreover, the blue shift in the frequency for
carbonyl from ~1660 cm™ to 1700 cm™, merged into the band corresponding to vinyl
group in the region of 1620-1660 cm™, give indirect evidence for the involvement of
carbonyl group in the bonding of Rh nanorods [20]. The appearance of an additional band
at 550 cm™ in case of Rh-PVP nanostructures is also attributed to the presence of Rh-N

interaction [21].

3.4.6. Thermogravimetric Analysis

Superimposed thermo-gravimetric profiles of freshly prepared bare Rh nanostructures
(Figure 3.2 b) along with that of PVP capped Rh nanorods (Figure 3.5) is shown in
Figure 3.12. Profile (a) for bare nanostructure (Rh nanospheres; without PVP) reveals a
low temperature (below 50 °C ) decomposition corresponding to volatile impurities,
followed by a no weight loss upto 800 °C corresponding to the formation of pure
metallic Rh. In comparison, thermal profile for (b) Rh nanorods (Rh/PVP) [Figure 3.12]
shows a three step weight loss. In the first step (150-214 °C) a broad region (weight loss
upto 0.15 %) is seen attributed to the loss of adsorbed volatile solvent impurities
including adsorbed water molecules. In the second step (220-365 °C ) a sharp weight loss
is seen at 342 °C upto 1.42 %, which could be assigned to the thermal desorption of
loosely bound PVP molecules, while in the third step (360-830 °C) could be (4 % wt
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loss) due to the decomposition of remaining PVP molecules [22]. All the results
including that of EDS and XPS strongly support this observation and ~6 % of PVP is

attached to the surface of Rh nanostructures.
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Figure 3.12. Superimposed thermogravimetric profiles of freshly prepared Rh nanostructures, Rh
nanospheres and Rh nanorods using Galvanic displacement approach in the (a) absence of PVP
(nanospheres) and (b) presence of PVP (nanorods) performed at a heating rate of 10 °C/min in air.

3.4.7. Cyclic Voltammetry

In order to understand the mechanism of potential-dependent morphological evolution,
we have carried out cyclic voltammetric measurements using different combinations of
electrodes and electrolytes. Figure 3.13 (a) shows superimposed cyclic voltammograms
of Al substrate and/or Pt electrode in the presence/absence of Rh’" ion solution.
Accordingly, cyclic voltammogram (I) i.e., a Pt disc as a working electrode in a mixture
of 1 mM RhCl; and 0.5 M Na,SO;, solution and (IT) Al in blank 0.5 M Na,SO4 solution
are essentially featureless. In sharp contrast to (I) and (II), voltammogram (III), i.e., Al
substrate in a mixture of 1 mM RhCl; and 0.5 M Na,;SOj solution with Al as a working
electrode gives a cathodic peak at -1.10 V, indicating that, only in the presence of Al,
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charge transfer occurs facilitating Rh(0) formation. During the cathodic scan a peak seen
at -1.10 V could be ascribed to the reduction of Rh*" to Rh’ at the Al surface which can
act as nucleating sites for further morphological evolution. This Rh nucleation has been
further confirmed by the appearance of new peak during the next anodic sweep.
Moreover, during the anodic sweep in the presence of Rh ions another parallel oxidation
reaction (Al into AI’") has occurred and it gives additional electrons for the further
reduction of Rh*" ions on Al surface. Thus the anodic peak appeared at ~1.40 V, could be
attributed to the combined electron transfer corresponding to Al oxidation followed by
Rh reduction (Figure 2.13 a, III). Moreover, these newly generated Al’* ions and Rh’ at
this higher anodic potential is responsible for alloying-dealloying. Significantly, these
structural changes at the interface makes different/electron transfer and results in splitting
of this sharp oxidation peak into two peaks as shown in Figure 3.13(b). As dealloying
occurs, the imbalanced reaction stoichiometry minimizes the total surface energy,

enabling the structure to grow in all possible directions into fractal geometry [23].
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Figure 3.13. (a) Superimposed cyclic voltammograms for (I) Pt electrode in a mixture of 1 mM
RhCl; and 0.5 M Na,SOy solution, (II) Al electrode in 0.5 M Na,SO, solution, (IIT) Al electrode
in a mixture of 1 mM RhCl; and 0.5 M Na,SO;, solution at 50 mV/s; (b) curve (I-IV) correspond
to first to fourth cycles and (V) for the blank 0.5 M Na,SO4 on Al substrate as a working
electrode.

Electrochemical studies on such type of galvanic reactions have been reported in

literature to separate out the effect of mass transfer from the substrate and reaction
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kinetics for metals like Ni, Zn and Cu, but not on Al [24]. The role of PVP molecules
towards the surface modification and stabilization of Rh nanorods has been investigated
by cyclic voltammetry using the same amount of PVP in aqueous Rh ion solution.
Accordingly, Figure 3.14 shows superimposed cyclic voltammograms for the galvanic
displacement of Al by Rh ions on Al electrode from aqueous (a) 1 mM RhCl; in 0.5 M
H,SO4 solution and (b) in (1:5) RhCls: PVP in 0.5 M H,SO4 solution at 50 mV/s using
Hg-Hg,SOy4 as the reference and a Pt foil as the counter electrodes respectively.

On the basis of the earlier conclusion and also the schematic representation shown
in Figure 3.1, the reduction of Rh’" to Rh’ has been presented in conjunction with the
oxidation of Al to AI’". The most striking difference between the two cyclic
voltammograms is the overpotential difference for Rh deposition on Al surface with and
without PVP. As per the earlier reports, the reductive deposition of Rh can occur at
potentials negative with respect to the Nernst potential while bulk Rh could oxidize at
potentials more positive to this potential [25]. The equilibrium potential for Rh**/Rh
value is 0.04 V (vs SCE) in 1 mM RhCl; although interestingly on the Al substrate, Rh**
could get deposited under reduced overpotential to the presence of Al,Os barrier
associated with Al substrate [26]. Conversely, in the presence of PVP, Rh could be
deposited by underpotential deposition. Nucleation of Rh on Al, starts at about -0.23 V
(vs SCE), which is also seen to be lower compared to that in the absence of PVP. This
observation is also in complete agreement with other systems reported by Li and
coworkers, where, the underpotential deposition/reduction of Cu ions has been seen with
sufficiently large thiol coverage similar to PVP on the electrode surface [27].

Figure 3.14 shows one of the revealing features as a prominent shift in the anodic peak (~
900 mV) for Al dissolution. The most important reason for this large shift towards
negative potential in the presence of PVP is due to the electrostatic interaction between
Rh and the polymeric PVP molecules facilitating reduction at the interface between Rh
and Al. Moreover, the lower current density in the presence of PVP could be explained
due to a resistance for the Rh’" ions to penetrate the PVP layer through pinholes

("penetration mechanism") on the Al surface [28]. However, during the diffusion of Rh

Bhaskar R. Sathe 106



Ph.D. Thesis Chapter-3 University of Pune, December 2010

ions towards Al substrate, some of these Rh ions might carry PVP molecules, along with
them to cause a channel like flow resulting into one dimensional growth as shown in

Figure 3.5.

15 - (a)

(b)
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Figure 3.14. Superimposed cyclic voltammograms of Al substrate as an electrode immersed in
(a) aqueous 1 mM RhCl; in 0.5 M H,SO, solution and (b) (1:5) RhCl;: PVP in 0.5 M H,SO,

solution at 50 mV/s using Pt foil as a counter and Hg-Hg,SO, as reference electrodes
respectively.

According to this model, a small microscopic deviation in the surface structure of Al can
have a large effect on the morphological change. Hence, adhesion between Rh
nanoparticles and Al substrate has strong effect towards the effective patterning of 3D
nanostructures of Rh. In case of Rh-PVP system the adhesion during nucleation is
however poor, which is also independent of the amount of Rh and the surface roughness
of Al. This could be due to the independent polymer wrapping on the surface of Rh
nanorods making them free from all Al substrate interactions. The same effect has been
observed when Al substrate is kept vertically in the solution so that the nanorods tend to

move downward under gravity.
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3.4.8. Microgalvanic Cells
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Figure 3.15. A schematic representation of microgalvanic cell formation on Al substrate; (a) low
(b) high magnification SEM images of Al substrate after the removal of Rh nanostructures by
ultrasonication; (c) spot energy-dispersive spectral (EDS) analysis of region (I) on alumina
formed on the border and (II) pure Al cavity which is ready for further displacement; (d)
nucleation and growth of Rh nanostructures on Al substrate and the evolution of microgalvanic
cells.

Figure 3.15(a) shows a typical low magnification SEM image of Al substrate after
sonication for 30 min. to remove the nanostructures, which clearly indicates the
formation of a large number (aerial density ~100/cm?) of micro galvanic cells on their
surface. High magnification SEM image of a region after removal of Rh nanostructures
as shown in Figure 3.15(b) highlight spherical (thicker) region (about 1.5 pm with central
metallic cavity of ca. 1 um) available for further galvanic reaction. Elemental analysis
carried out both inside and outside the domain as shown in Figure 3.15 (c) confirms the
local chemical composition. For example, region (I) shows that the peripheral surface is

made up of Al hydroxide, while the superficial surface of the galvanic cell has an Al:O
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ratio as 30.8: 30 indicating alumina (Al,O;) formation at the edge of the hole which
further supports the model of simultaneous reduction and oxidation on the metal surface.
Furthermore, the additional peak at 3.8 keV in spectra (I) corresponds to Rh which may
be trapped by in situ grown oxide/hydroxide during the course of the reaction. The
central region (II), on the other hand, shows pure Al which is responsible for further
reduction of Rh ions from the solution. A schematic representation of nucleation
followed by growth on Al through the control over 3D due to alumina formation shown
in Figure 3.15(d) demonstrates further growth through the evolution of a large number of

microgalvanic cells.

3.4.9. Electrocatalytic Activity towards Formaldehyde Oxidation

Electrochemical oxidation of organic molecules, including methanol, formaldehyde and
formic acid, on Pt and Pt alloy electrodes has received great interest due to their
importance as anode reactions in fuel cells [29]. Although formaldehyde is toxic and not
very suitable for commercial fuel cells, its oxidation is important for a complete
understanding of the methanol oxidation mechanism because formaldehyde is produced
by the partial oxidation of methanol and also because these are linked with CO poisoning
on the electrode surface [30]. Despite the high cost, Rh has been extensively investigated
as an electrocatalyst for fuel cells and nanostructured Rh in particular has shown several
unique features.

All the structures are electrocatalytically active for formaldehyde oxidation as the
rates at the bare GC electrode and on bulk Rh are much lower than that of the Rh
nanostructures. The peak current densities are 0.52, 0.41 and 0.25 mA/cm® for the
reaction on Rh nanospheres, Rh nanorods and bulk Rh as electrocatalysts, respectively
(Figure 3.16 a). More specifically, the electrocatalytic activity of the Rh nanospheres is
nearly 2 times higher than that of nanorods synthesised by the same galvanic route and
both these are significantly higher compared to that of bulk Rh. The improved activity of
the Rh nanospheres might be due to their high surface area and preferential crystal facets

in high indexing plane, which is in good agreement with results from XRD analysis as
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shown in figure 3.10. For example, as reported previously by Rhee and co-workers for
Rh, low symmetric plane Rh (100) shows higher electrocatalytic activity than high

symmetric Rh (111) for a model electrochemical reaction of perchlorate reduction [31].
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Figure 3.16. (a) Superimposed cyclic voltammograms of formaldehyde oxidation in a mixture of
0.5 M NaOH and 0.5 M HCHO solution (first cycle) on Rh nanospheres, nanorods and bulk Rh
coated on a glassy carbon working electrode at 50 mV/s (b) Respective electrocatalytic activity in
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terms of variation in current density with time/cycle number [from first 10 cycles] under similar
conditions at a peak potential of -0.20 V corresponding of HCOOH oxidation.

Furthermore, these Rh nanostructures have an anisotropic morphology with their growth
in asymmetric plane that can improve the mass transport for electrocatalytic reactions
leading to more effective catalyst utilization [32].

The present approach for the formation of different morphologies of Rh
nanostructures has many intrinsic benefits because of the possibility of tuning the
potential changes using molecules like PVP, offering excellent flexibility. In addition, the
present approach also helps to generate anisotropic structures by the assistance of
controlling the redox properties of the solution and substrate by using other passivating
molecules. The higher cost and limited availability of Rh, however, pose several
limitations for a complete exploitation in fuel cell technology and hence recent efforts are
concentrated on the replacement of Rh and Pt with non-noble metals, nitrogen doped

CNTs for retaining similar activity.

3.5. Conclusions

This chapter demonstrates various experimental details of the fabrication and growth
mechanism of Rh nanostructures through the evolution of microgalvanic cells, in order to
illustrate the critical importance of controlling some of the major factors affecting their
surface reactivity. The experimental methodology for controlling Rh morphologies has
been described with Al as a sacrificial substrate along with variation in the procedure for
the fabrication of hierarchically designed Rh structures. Kinetic studies using in situ UV-
visible spectroscopy suggest that these nanospheres are surprisingly uniform, possessing
spontaneous order over several length scales along with interesting morphology
dependent performance. The approach developed in this chapter could serve as an
efficient and reliable route for the synthesis of high aspect ratio Rh nanostructures such as
nanorods, nanowires and also of other shapes. Although this facile methodology provides
an elegant control over surface morphology, this requires a careful modulation of growth

parameters such as metal ion concentration, pH, ionic strength, temperature and exposure
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time. Future studies are required to focus more on incorporating this method into micro-
and nano-lithographic channels to enable site selective catalytic properties. This would
ensure more interesting utilization of these nanostructures as important building blocks in
complex applications like nanoscale electrical contacts for interfacing a range of different
organic and biomolecules, single electron transfer studies, photo-electrochemical and
catalytic applications of Rh surfaces. These findings are expected to offer potential
benefits in various areas including the designing of electrodes for microfuel cells and

chemical sensors.
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CHAPTER 4
Shape Controlled Synthesis of Rhodium Nanostructures
by Chemical Vapor Deposition: Applications in

Electrocatalysis and Field Emission*

Shape selective synthesis of Rh nanostructures has been demonstrated with the help of a single step
chemical vapor deposition, where different shapes like cubes, pyramids and hexagons have been
obtained as a function of temperature.
Field Enhancement | Subsequently, their electrocatalytic activity has
been studied wusing cyclic voltammetry,
revealing unique shape-dependant performance
towards formic acid oxidation. Significantly
better sensitivity of cubes as compared to other
shapes has been correlated with the results of X-
ray diffraction and X-ray photoelectron
spectroscopic analysis. At the end of this
chapter, field emission properties of these
various Rh shapes have also been studied. An
ultra low threshold field of 0.72 V/um is
Current Stability§ repeatedly observed to generate a current
density of 4 x 10° pA/cm? for hexagonal Rh
nanostructures, although the current density becomes 40 pA/cm? at an applied field of 1.76 V/um.
A higher value of field enhancement factor (9325) observed might be due to the origin of electron
emission from sharp corners and edges of the hexagonal nanostructures. The unusual current
stability and resistance to ion bombardment during the electron emission could be due to several
complex factors including surface stress, stability towards the self-diffusion of Rh atoms at high
field coupled with electron transfer processes pertaining to strong Rh-Rh bonds.

_—_—
*A part of the work discussed in this chapter has been published in “Appl. Phys. Letts. 92

253106, 2008
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4.1. Introduction

Synthesis of nanostructures with controllable size and shape is a critical goal in numerous
areas of nanotechnology considering their implications for a variety of applications like
fuel cells, solar energy conversion and environmental remediation. Moreover, the
manipulation of size and shape has strong impact in controlling the reactivity for many of
these applications and also for the development of high-throughput electronic and
electrochemical devices, like those based on field emission and energy generation.
Accordingly, nanostructured transition metal based catalysts like Pd, Pt, Rh, Ir and Ru
have been studied extensively because of their excellent activity, selectivity and stability.
Rh could especially be a promising field emission material pertaining to its features like
outstanding electrical performance, chemical inertness, mechanical strength, remarkable
thermal stability, lower electron affinity and better stability towards ion-bombardment
[1]. In addition, one of the interesting ways to pick up the finest performance towards
electrocatalytic activity is to achieve their preferential growth in particular facets. For
example, low symmetric (100) plane of Rh is known to show higher electrocatalytic
activity than the high symmetric Rh (111) in acidic medium owing to different adsorption
rate of anions on these facets [2]. Hence, it is important to study anisotropic
nanostructures of Rh for many applications including field emission and catalysis
because of their surface heterogeneity.

Recently, several advanced synthetic approaches for the fabrication of metallic
nanostructures have been reported with subtle precision including both template-based
and non-template-based methods [3-5]. Variants of solution-based techniques,
carbothermal reactions [6], solid liquid solid processes [7], solvothermal processes [8]
and vapor phase growth (including thermal evaporation, chemical vapor-phase
deposition, metal-organic chemical vapor phase deposition, arc discharge and laser
ablation) have been widely used to achieve synthesis of various nanostructures of Rh
with a narrow size distribution, although their selectivity and their correlation with
respective shapes have rarely been explored [9-10]. Moreover, these as-synthesized

nanostructures which are dispersed in liquids cannot be used directly for many

Bhaskar R. Sathe 122



Ph.D. Thesis Chapter 4 University of Pune, December 2010

applications like heterogeneous catalysis and nano-device (electrode) fabrication,
especially because of the challenges, due to the presence of surface stabilizer, their
separation, purification and recycling aspects [11]. Apart from this, the presence of
external capping molecules on the surface of nanostructures may alter their behavior on
electrode surface, which in turn could hamper some of their activity. Hence, there is a
need to develop suitable methods which avoid any kind of capping agents along with a

proper control over the plane selectivity as this could impact many applications like fuel

N

cell catalysis and biosensors [12].

/’

(& J

Figure 4.1. Fundamental cage like structure of rhodium acetate having strained Rh-Rh bond in
acetate network; adopted from [13].

In the previous two chapters (chapters 2 and 3), we have described the
morphological evolution of Rh nanostructures by colloidal and electrochemical synthetic
approaches. In contrast to this, in this chapter, we discuss chemical vapor deposition
(CVD), to overcome the issue related to the shape selective synthesis of Rh
nanomaterials. This has also been inspired by its simplicity, lower cost, scale-up potential
and its flexibility towards tuning surface structure [14]. We also report a comparison of
the electrocatalytic activity of different shaped Rh nanostructures, prepared through
modified chemical vapor deposition using rhodium acetate as a precursor, since, it has an
octahedral coordination geometry, having monoclinic crystal structure with a Rh-Rh

quadrupole bond with in a tetrahedral organic cage (Figure 4.1). This peculiar cage like
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structure is considered to be mainly responsible for the formation of Rh nanostructures
followed by their reorganization due to the temperature modulation resulting into
different shape evolution. As compared with commercial Rh, these ‘as-synthesized’ Rh
nanostructures give lower onset potential and higher current density for formic acid
oxidation. A comparison of the electrocatalytic studies of these structures illustrates
improved performance of cubes compared to that of pyramids and hexagons. We have
also demonstrated their metallic behavior based on electrical conductivity measurements
as a function of temperature. Finally, the field emission properties of Rh hexagonal
nanostructures have been discussed from the application point of view. They show
excellent current stability and remarkable enhancement in the field emission behavior and

the results are explained using the effect of surface heterogeneity.

4.2. Experimental Section
4.2.1. Materials:

Rhodium acetate (99.9%) and Rh foil (bulk Rh) were purchased from Aldrich Chemicals,
while AR grade sulphuric acid, formic acid, ethanol and acetone from Merck. All
reagents were used without further purification and deionized water (18 MQ) from Milli-

Q system was used in all experiments.

4.2.2. Chemical Vapor Deposition (CVD) set up

Different shapes of Rh nanostructures were synthesized by a modified CVD using
rhodium acetate as a source of Rh, having a cage like structure with a strong Rh-Rh bond
[13]. The experimental setup consisted of a horizontal high-temperature tubular furnace
with a quartz tube (90 cm in length, 22 mm in diameter) attached with a gas flow meter.
The Rh precursor was placed in a polycrystalline alumina boat at the center of the
furnace, where 500 - 950 °C was maintained by heating at a rate of 5 °C/min along with
passing argon at a flow rate of 250 sccm (Figure 1.6). After the completion of the
reaction, the furnace was naturally cooled down to room temperature in argon

atmosphere.

Bhaskar R. Sathe 124



Ph.D. Thesis Chapter 4 University of Pune, December 2010

Similar controlled experiments with different Rh precursors like rhodium
chloride, rhodium nitrate and other organo-rhodium precursors revealed that the use of
rhodium acetate with Rh—Rh bond (having a dimeric cage like structure) is indispensable
for the unique shape evolution. The same kind of morphological evolution was reported
in the case of Cu by Bellini et al., where elongated nanotubes of metallic Cu were formed
due to the fundamental dimeric and open tetragonal structure of copper (II) acetate
precursor [15]. Optimum yields of various Rh shapes were obtained at different
temperatures keeping the reaction time as constant (i.e., 3h) based on the initial
experiments. Rh nanostructures obtained under such conditions were subsequently

characterized by techniques including SEM, EDS, TEM and XRD.

4.3. Materials Characterization
4.3.1. Electrocatalytic Studies

All electrochemical measurements were performed on an Autolab PGSTAT30 (ECO
CHEMIE) instrument using a standard three electrode cell comprising of Rh
nanostructure modified glassy carbon disc as the working electrode, Pt foil as counter
electrode and Hg/Hg,SO, as the reference electrode in 0.5 M H,SO4 at room temperature

as discussed in section 2.3.6.

4.3.2. Conductivity Measurements

Electrical conductivity of Rh nanostructure was measured using a KEITHLY 220
Programmable current source and KEITHLY 181 Nano-voltmeter coupled with an
OXFORD Intelligent temperature controller ITC-4. Thin pellets of samples were made by
using the same amount of Rh nanostructures by applying equipressure through a
hydraulic press and four probe electrical conductivity was measured in the range of 298-

473 K.
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4.3.3. Field Emission Set-up

Field emission measurements (FEM) on Rh hexagon sample were carried out in a planar
diode configuration under a vacuum of 1x10™ mbar with the help of a sputter ion pump
and a titanium sublimation pump. The current-voltage (I-V) characteristics were recorded
using a high voltage power supply (0-40 kV, Spellman, USA) and pico-ammeter
(Keithley 614) at room temperature. Fowler-Nordheim (F-N) plots were obtained from
the recorded I-V data by keeping the cathode-anode separation at ~10 mm for all the
samples. All field emission experiments were repeated at least thrice under identical
conditions. Accordingly, the cathode (nanostructured Rh hexagons deposited on a Si
substrate) was held at a distance of ~10 mm from the transparent anode screen in a high

vacuum chamber as shown in the schematic of the conventional FEM configuration (Figure

4.2).

- Field Enhancement
1 Anode

Cathode

Current Stability|

Figure 4.2. Schematic of the conventional FEM configuration; the emitter (cathode) in the form
of Rh hexagons is placed inside an evacuated chamber, in front of an anode (typically 5 to 7 cm
apart), whereas, F is the applied electric field, V is the applied voltage and the separation (d) is 5
mm between emitter cathode and anode screen.

In the conventional FEM configuration, the emitter (cathode), in the form of a
fine needle with a tip radius of ~ 10 cm was placed inside an evacuated chamber, in
front of an anode screen, typically 5 to 7 cm apart. In such a configuration, it is possible
to enhance the range of applied electric field to overcome the drawback of arc formation

observed in the close-proximity (C-P) configuration. Other characterization details like
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XRD, SEM, TEM, HRTEM, EDS, and XPS have already been discussed in Chapter 2,

section, 2.3).

4.4. Results and Discussion
4.4.1. X-ray Diffraction

Figure 4.3. depicts a comparison of the XRD patterns of cubes, pyramids and hexagons,
where, all samples reveal five prominent reflections corresponding to (111), (200), (220),
(311) and (222) suggesting the presence of single phase face-centered cubic (fcc)
structure with high crystallinity. Also, all XRD patterns reveal no change in the peak
position for all three morphologies/nanostructures as compared to that of size tunable

nanocrystals of Rh as reported recently by Somorjai and coworkers [16].

 220)

Hexagons

Intensity (a. u.)

20°
Figure 4.3. Comparison of XRD patterns of cubes, pyramids and hexagons revealing reflections
from (111), (200), (220), (311) and (222) planes corresponding to the fcc Rh using Cu Ka
(1.54A) radiation; *Peaks corresponding to exposed Pt substrate.

A close examination of the XRD pattern of these structures shows interesting

change in the peak area ratio (here we have considered the peak area and not the peak
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intensity, since the normalized numbers are more effective) with morphology. For
example, a comparison of the intensity ratio of A (111y/A (220 reveals that the area ratio is
higher for cubes whereas it is lower for hexagons. This change in orientation with
morphology could be responsible for their improved electrocatalytic performance; peaks

indicated by * are associated with the planes from the Pt substrate.

4.4.2. Scanning Electron Microscopy and Energy Dispersive X-ray Analysis

Rh
" (d)
Cubes
A- R-.
=
&
Z Pyramids
2
2 Rh
=
Hexagon

1 2 3 4 6 6 7 8 9 10
Binding Energy (KeV)

Figure 4.4. Scanning electron micrographs of (a) Cubes, (b) Pyramids, (c) Hexagons along with
(d) their EDS profile for all shapes synthesized at different temperatures.

Scanning electron microscopy is an effective tool to unravel the topographical features of
various nanostructures. Accordingly, Figure 4.4(a-c) shows comparison of representative

SEM images of Rh cubes, pyramids and hexagons synthesized at 600 °C, 750 °C and 950

°C respectively. Interestingly, the images clearly illustrate that there is a remarkable
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evolution of different shape along with decrease in their size with respect to the reaction
temperature and this might be considered from the fundamental tetrahedral dimeric
structure of rhodium acetate. At the temperature of 600 °C, cubes are observed with sharp
corners having elongation along one dimension as shown in Figure 4.4(a).

Most of them are found to be located flat with another end at the backside. The
base of the cube is thin with varied dimensions suggesting that the growth process is to be
initiated from the base, from both sides and growing further, leading a pyramid like
geometry at the end. Moreover, the steps/kinks at the edge of the structure suggest the
growth mechanism to be started from the edge of cubic structure that is formed prior to
the pyramidal structure. A careful observation of the single Rh cube reveals the presence
of nanoscale porous features including cracks and kinks that might be responsible for

their better performance towards formic acid oxidation.

Cubes

Pyramids

Hexagons

500 nm

Rhodium Nanostructures

I I I | I I
500 600 700 800 900 1000
Temperature (°C)

Figure 4.5. Temperature-dependent shape evolution of Rh nanostructures during synthesis by
chemical vapor deposition.
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Furthermore, above 750 °C, these cubes grow one dimensionally to result rod like
geometry indicating that the pyramidal rod structures are likely to be formed in the
beginning. However, being a dynamic system, these structures grow further to attain
stable morphology with traces of short pyramids. These pyramids are subsequently
converted into perfect hexagons between 900-950 °C at similar conditions with a
statistical edge length of ~6 um and thickness of ~0.5 pum for these hexagonal structures
as can be seen from the magnified single hexagon. Accordingly, these studies
demonstrate the significance of increase in the reaction temperature governing the
auxiliary growth and shape transition during the growth. Figure 4.4. shows, a
temperature-shape evolution profile of Rh indicating a reduction in the size of these
nanostructures nearly about 10 times with increase in the reaction temperature. This
could be due to the organization of atoms with temperature and this is also in good
agreement with comparatively systematic increase in FWHM of peaks from XRD studies.
Further, EDS analysis shown in Figure 4.4 (d) also confirms their pure metallic form for
cubes, pyramids and hexagons, whereas peaks at 2.68 keV and 2.89 keV could be
identified as the Lg; and Lo, emission X-ray signals of Rh respectively. This indicates the
presence of single phase metallic nanostructures of Rh as in good agreement with results

from the XRD studies (Figure 4.3).

4.4.3. X-ray Photoelectron Spectroscopy

Analysis of the electronic state of the as-synthesized Rh nanostructures is also of
particular importance to understand their growth kinetics along with their surface
structure/compositions and hence XPS studies have been carried out for all these
structures. Accordingly, Figure 4.6 shows the deconvoluted Rh 3d and O 1s signals for
all the structures of Rh. The peak position, line shape and peak to peak separation (= 4.7
eV) are standard measures of the Rh oxidation state. Significantly, Figure 4.6 (a, c and e)

shows separate Rh 3ds, and Rh 3ds, signals for these structures. The peak to peak
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separation (3d peaks) for cubes is 4.68 eV while for pyramids and hexagons, this is 4.65
and 4.64 eV respectively, which are standard measures of the Rh oxidation state [17]. All
the binding energy positions of the elements are listed in Table 4.1, which implies the

presence of Rh (0) in all these structures.

Intensity (a.u.)

T T T T T T T T T T T
304 306 308 310 312 314 316 318 528 530 532 534 536

304 308 312 316 520 530 531 532 533 534 535 536

Binding Energy (eV)

Figure 4.6. Deconvoluted X-ray photoelectron (XP) spectra for Rh 3d and O 1s signals of Rh
nanostructures; cubes (a and b), pyramids (¢ and d) and hexagons (e and f) respectively
(experimental data points are shown as circle, resultant fitting curves as red colored continuous
lines and individual fitted curves as dashed lines deconvoluted by using Shirley fitting algorithm).

Interestingly, in the case of pyramidal structures as shown in figure 4.6 (c), two
different couple are observed after deconvolution having binding energy values
corresponding to metallic Rh along with some amount of surface oxide (RhO;). This is in
accordance with reported values and also in good agreement with results from TGA,

where, nearly 10 % weight increase from ~500 °C to ~850 °C is observed as shown in

Bhaskar R. Sathe 131



Ph.D. Thesis Chapter 4 University of Pune, December 2010

Figure 4.6 and as per the proposed decomposition pathway. While on the other hand, as
shown in Figure 4.5 (b, d and e) and as per the corresponding to XPS signals of O 1s core
level, all the samples show signals in the range of 531-532 eV analogous to physically
adsorbed oxygen molecules on the nanostructure surface, while in the case of cubes and
pyramids, an unavoidable surface oxide signal is observed after the deconvolution of
lower binding energy, which matches well with the binding energy of RhO, [17].
Moreover, the intensity variation of signals for the deconvoluted peaks indicates that
cubes have lower surface contamination of oxide as compared to that of pyramids, which
is again in excellent agreement with the results of TGA. During the synthesis, the organic
cage decomposes and supplies oxygen for the formation of in situ surface oxide at
respective temperatures, especially in case of Rh pyramids and at some extent for cubes.
Accordingly, XP spectra for other shapes have been analyzed based on Shirley fitting and
the binding energies of Rh 3d and O 1s signals for all the shapes as shown in Table 4.1.

Table 4.1. Comparison of binding energies of Rh 3d and O 1s for various shapes of the Rh
nanostructures.

Sr. No. Shapes Rh 3d (eV) O 1s (eV)
3ds; 3ds;
L. Cubes 307.8 3123 529,5,531.4
2. Pyramids 307.5,308.9 312.2,313.7 529.3,532.1
3. Hexagons 307.6 312.1 531.8

Thus, a comparison of the binding energy values of Rh 3d and O Is for all the shapes
along with their intensities indicates an in Situ generated reactive species with surface
undergoing oxidation followed by reduction. For example, the presence of in situ
generated molecules like CO (a reducing molecule) reduces the surface oxide, finally
causing Rh (0) hexagons. These results are also in agreement with the electrical

conductivity measurements.
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4.4.4. Thermogravimetric Analysis

The structural transformation of Rh nanostructures along with their surface
oxidation/reduction reaction during the growth has been investigated by
thermogravimetric measurements. Accordingly, Figure 4.7 (a) shows thermogravimetric
(TG) curve of Rh(CH3C0OO0),.2H,0 in nitrogen atmosphere having two well defined
weight loss steps. Evidences from the literature [18] clearly show that the first stage at
90-200 °C is mainly related to the dehydration leading to the formation of
Rh,(CH3COO), and the weight loss at this stage is ca. 0.73 % which approximately
matches to the theoretical value corresponding to the loss of two water molecules. The
mechanism of formation of Rh(0) by the decomposition of rhodium acetate at 300-450
°C, at a comparatively lower temperature in nitrogen atmosphere is due to the evolved
CO, which reduces the Rh-O bond in situ, which is reported for other systems [19].
Accordingly, a gradual weight loss of ca. 50 % up to 510 °C observed for pure rhodium
acetate could be attributed to the decomposition of organic framework from Rh and the
evolution of pure metallic cubic shape by the disproportionation reaction. This is
followed by a steady increase in the weight at about 590 °C upto ca. 9 %, corresponding
to RhO, formation, which is in good agreement with results from XPS studies as shown

in Figure 4.6.
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Figure 4.7. (a) Thermogravimetric (TG) curves for the decomposition of Rh (CH;COO),. 2 H,O
at a heating rate of 10 °C/min upto 900 °C under a dynamic (10 mL/min) nitrogen atmosphere.
(b) dW/dT (differential TG curve) as a function of temperature.

However, above 825 °C, there is a gradual decrease in the weight loss due to the
formation of Rh,O; (i.e. decrease in the Rh:O ratio), which is consistent with the results
of similar studies with other metal acetate systems [15]. The probable acetate
decomposition pathway and intermediate formation as a function of temperature on the
basis of TGA, XPS and X-ray diffraction studies is presented below:

Reaction Pathway:

Stage I;
(CH3COO)4 Rh,.2H,O — 2 (CH3COO)2Rh +2 H,O
(50-200 °C)
Stage II;
2 (CH3COO) 2 Rh — Rh203 +4 CH3COCH3 —4CO+4 CH3-CH3T
4 CH;COCH; — 4 CO + 4 CH5-CH; T
Rh,O3 + 3 CO —2 Rh +3CO,T
(300-450 °C)
Stage 111;
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Surface Rh + in situ 2 O, — RhO,
(525-800 °C)
Stage IV;
6 RhO, — 2 RhyO5 + 2 Rh + 30,1

2 Rh,03— 4 Rh +3 0,7
(800-900 °C)

The above mechanism is also relevant to the combustion, pyrolysis and oxidation
reactions of metal acetates and other organometallic precursors for generating various
nanostructures of Cu, Pt, Au and Ag as a function of temperature [14, 15]. Moreover,
many TG decomposition studies of metal acetates like Au, Pd, and Cu acetate suggest
that acetic acid is a dominant by-product and its decomposition yields a pure metal at the
end [21]. Further evaluation of the relationship between the average crystallite size of the
nanostructures with probable precursors and intermediates generated in situ, helps to
understand the morphological evolution, similar to that in the case of Cu from Cu acetate

having a nearly similar decomposition pathway [15].

4.4.5. Electrocatalytic Studies
4.4.5.1. Cyclic Voltammetry and Current Transients

In order to explore the electrocatalytic properties of these Rh nanostructures and their
correlation with morphology and structural aspects, we have further investigated their
utility for the electro-oxidation of formic acid, which is a surface sensitive reaction
relevant for fuel cell technology. The superimposed cyclic voltammograms of formic acid
oxidation on different Rh nanostructures at 50 mV/s in a mixture of 0.5 M H,SO4 and 0.5
M HCOOH is shown in Figure 4. 8(a). All voltammograms reveal characteristic features
of formic acid oxidation and for comparison, we have also included the response of
commercial Rh metal which is also in good agreement with that in earlier reports [20,
21].

Accordingly, the oxidation of formic acid using Rh cube gives two peaks in the

positive side, corresponding to formic acid oxidation with current densities of 1.65 and
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4.55 mA/cm” at 0.25 and 0.70 V respectively. In the negative side, a HCOOH oxidation
peak with a current density of 0.85 mA/cm® is found at 0.05 V, right after the appearance
of a reduction peak at 0.18 V. It has been widely accepted that formic acid is oxidized to
CO, via a dual path mechanism, which involves a reactive intermediate (main path,
dehydrogenation) and adsorbed CO as the poisoning species (parallel path, dehydration),
as reported earlier for other metals [21]. Hence, it is apparent that all the noticeable
current concerning with HCOOH decomposition can be attributed to the oxidation of
formic acid and/or CO to CO,. The first anodic peak is due to the oxidation of HCOOH
to CO; on surface sites that remain unblocked by CO, whereas the second anodic peak
corresponds to the oxidation of surface adsorbed CO. In view of this, one can see that the
current density of HCOOH oxidation for the cube is higher than that from other shapes
(pyramids and hexagons) including that from bulk Rh wire, although the peak potential in
case of cubes (+0.41 V) is more positive than that from Rh wire (+0.24 V); other shapes
show their onset potential in between these two values.

Further comparison can be made by taking the ratio for the current density of the
first anodic peak (Jcoz) to that of the cathodic peak (Jco), which has been used to evaluate
the catalyst tolerance to CO poisoning [22]. From Figure 4.8 (a), the Jco2Jco (Ja/Jc) ratio
for cube is ca. 2.57, whereas for commercial Rh wire this is 0.497, suggesting the
enhanced CO tolerance of the Rh nanostructures as compared to that of commercial ones.
This could be attributed to the orientation of crystallographic planes in Rh during the
growth. The data for other nanostructures has been cited in Table 4.2. Interestingly, a
close examination of the ratio of area under the first and second anodic peak reveals that
charge consumed due to the oxidation of HCOOH to CO, is higher compared to that for
CO to CO,. We have calculated this ratio for different shapes of Rh which follow the

order; cubes > pyramids > hexagons > commercial Rh.
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Figure 4.8. (a) Cyclic Voltammetric response of Rh nanostructures - (I) cubes, (II) pyramids (I11),
hexagons and (IV) commercial Rh-towards formic acid oxidation at 50 mV/s in 0.5 M HCOOH
and 0.5 M H,SOy4; (b) Comparison of current density-time plots for HCOOH oxidation at 30 °C at
0.44 V for (I) cubes (II) pyramids (III), hexagons and (IV) commercial Rh for 100 s.

Further, Figure 4.8(b) shows a comparison of the current-time transients for
formic acid oxidation at 0.44 V (potential selected based on cyclic voltammograms) for
all Rh nanostructures i.e. cubes, pyramids, hexagons and also for commercial Rh at room
temperature after normalizing the current with respect to the electroactive Rh surface area
(Arn) calculated from hydrogen desorption from cyclic voltammograms. Interestingly,
the current density of Rh cubes is significantly higher compared to that of other structures
and the order is as follows: cubes > pyramids > hexagons > commercial Rh. The
enhancement factor R, which is defined as the ratio of the current density measured on
Rh cubes versus that acquired on commercial Rh, ranges up to 20,000 % whereas for Rh
pyramids and Rh hexagons versus commercial Rh it is up to 17,500 % and 11,000 %,
depending upon the electrode potential. Moreover, similar studies in case of various
morphologies of Pd and Pt reveal variations in electrocatalytic activities on the basis of
their tunable onset potentials and current densities [23]. Thus, compared with the case of
commercial Rh (wire), these Rh nanostructures with different shapes show a lower onset
potential and a higher peak current density for formic acid oxidation, confirming the

caveat of shape-dependant reactivity.
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4.4.5.2. Structure-Reactivity Correlation

As shown above, compared to commercial Rh, our Rh nanostructures undoubtedly show
significantly less CO poisoning. In addition, the peak during the cathodic sweep
corresponding to the real catalytic activity of the Rh surface almost retraces the first
anodic peak as can be seen from the voltammograms, which clearly confirms less CO
adsorption. Interestingly, a comparison of the peak currents of these different electrodes
reveals the same order, exactly like that of the anodic peaks. Hence, it is clear that for
formic acid oxidation, Rh cubes show better catalytic activity compared to that of other
shapes of Rh.

Table 4.2. Morphology-structure-reactivity correlation of different Rh nanostructures on the basis
of electrocatalytic activity towards formic acid oxidation along with a comparison of the four
probe electrical conductivity values.

Morphology A(111)/A220) | JCO/JCO Enhancement Conductivity

factor (%) (kS/cm?)
Cubes 6.052 2.57 20,000 2.27
Pyramids 7.204 2.04 17,500 4.78
Hexagons 9.752 1.30 11,000 6.25
Commercial 0.506 0497 | e 10.04
Rh wire

It is well-known that, the catalytic properties of metal nanoparticles depend
strongly on their size, shape and surface composition, among which the shape of a
nanoparticle is perhaps, more important to determine its surface atomic arrangement and
coordination [24]. The origin of these shape dependent electrocatalytic activity is mainly
due to the variation of surface structure. Moreover, as for face-centered cubic (fcc) metals
(Pt, Pd, Rh and Ir) the high index planes, with at least one index being greater than unity
are generally more reactive due to their open structure [25]. These open structure planes
have higher density of atomic steps and kinks; atoms present in such planes have lower
coordination numbers. These low coordinated atoms can easily interact with reactant

molecules, which serve as active sites for breaking chemical bonds. For example, in case
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of Pt, (210) surface possesses an extremely high catalytic activity for electro-oxidation of
formic acid and also for electro-reduction of CO, and the (410) plane exhibits unusual
activity for catalytic decomposition of NO [26]. In addition to this, these high index
planes like Pt (210) have very high density of atomic steps, exhibiting higher thermal and
chemical stability under both reducing and oxidizing conditions, even at elevated
temperature [27]. Moreover, it is also reported that, low symmetry Rh (100) plane shows
higher electrocatalytic activity than that of Rh (111) in CO oxidation through adsorption
owing to different adsorption rate of CO on these facets [28].

Further, a close examination of the peak area ratio of Rh(;11)/Rh220) shows the
order: cubes < pyramids < hexagons < commercial Rh (Table 4.2). Thus cubes show
higher activity towards formic acid oxidation compared to that of pyramids, hexagons
and commercial Rh. This is in good agreement with above discussed reports on the
electrocatalytic activity towards formic acid. We conclude that one of the possible
reasons for the varying reactivity of different shapes of Rh nanostructures is due to the
difference in the peak area ratio of various crystallographic planes present in the sample,
which needs to be verified by carrying out Rietveld refinement [29]. Electrocatalytic
activity decreases from cubes to hexagons partially due to the rearrangement of surface
atoms during the synthesis at high temperature in such a way, by increasing their
coordination. Moreover, this enhanced activity of unsymmetrical/low coordinated atoms
of Rh present on the surface has not been affected by the surface oxide contamination
observed by XPS analysis as shown in Figure 4.6. and presented in Table 4.1. As a result,
from cubes to hexagons, the decrease in density of atoms present in the high index plane
(220) increases the ratio of A(11y/Ap20 and decreases their electrocatalytic activity

towards formic acid oxidation.

4.4.6. Conductivity Measurements

In order to explore the conductivity of these Rh morphologies and to correlate to
structure/geometry, we have also carried out four probe measurements. Accordingly,

Figure 4.9 shows a comparison of conductivity values of Rh cube, pyramids and
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hexagons. The conductivity differences in the nanostructures can be attributed to their
morphological changes associated with the atom reconstruction, surface roughness and
modulation along with their size reduction through particle-particle contacts. Due to the
decrease in the surface kinks and steps with temperature from cubes to hexagons, the

electrical conductivity increases dramatically as shown in Figure 4.9.
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Figure 4.9. (a) Four-probe electrical conductivity values measured at room temperature for
cubes, pyramids, hexagons and commercial Rh showing a linear variation with morphologies;
temperature dependent I-V measurements have been carried out in the presence of argon for
equiamount pellets of (b) cubes, (¢) pyramids and (d) hexagons in the range of 298-473K.

4.4.7. Field Emission Studies

Having demonstrated the unique morphological features of nanostructured hexagons due
to their sharp edges/tips along with nanoscale surface protrusions, we proceed further to
investigate their field emission effects. The field emission is mainly controlled by the
potential barrier for the electron tunneling from the interface between the hexagonal Rh

nanostructures and the cathodic substrate. However, it has to be clear from the work
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function of Rh obtained by atomic layer deposition (ALD), which is higher by ~100-200
meV than that of metals like Pt and Re although the work function of Rh seems to be
somewhat unfavorable towards its use for field emission [30].

Accordingly, Figure 4.10(a) shows, typical emission current density-applied field
(J-E) characteristics for the diode configuration, where an onset field of 0.6 V/um,
requiring an emission current of 1 nA (corresponding to the current density of 4 x 107
nA/cm?) is reproducibly observed. With increase in the applied field, the emission
current density rapidly increases, finally reaching upto 40 uA/cm” at 1.76 V/um. Kim and
coworkers have reported a similar enhanced field emission for metallic tungsten

nanowires, where an applied field of 5 V/um has generated an emission current density of

0.1 mA/cm? [31].
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Figure 4.10. Field emission data in the form of (a) current density-applied field (J-E)
characteristics of Rh hexagons and (b) Fowler-Nordheim (F-N) plot for Rh hexagons showing
typical metallic behavior of the emitter.

Figure 4.10(b), shows Fowler-Nordheim (F-N) plot, where a straight line behavior
indicates that the emission from the Rh hexagons follows a quantum mechanical
tunneling process, similar to that reported for metallic emitters [32]. In the present
studies, the applied electric field (F) is defined as F = V/d, where V is the applied voltage
and d is the separation (d = 5 mm) (see schematic shown in Figure 4.2). However, the
actual enhanced field at the apex of the hexagons can be estimated from the equation as

follows [33].
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B=-6.8x10'¢""/m

Where, B is the field enhancement factor, ¢ is the work function of the emitter material in
eV. For crystalline surfaces, the work function associated with field emission is the
average over the emitter surface, weighted towards the lower work function areas.
Recently, Park and coworkers have reported the work function of Rh as 5.25 eV on silica
substrate [34]. Higher value of calculated field enhancement factor 3 (9325) is attributed
to the presence of sharp edges/tips of nanostructured hexagonal Rh as seen in Figure
4.4(c) and Figure 4.5.

These significant and specific nanoscale (protrusions) features of the emitters could be
responsible for lowering the threshold leading to a final increase in the resultant field
emission current. Chen and coworkers have reported a similar enhancement due to active
nanoprotrusions on amorphous diamond films facilitating their enhancement in field
emission [35]. In comparison, our hexagons are much bigger in size and the areal density

is about 100 times smaller perhaps, due to the use of single crystalline Si substrates.
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Figure 4.11. (a) I-t transients of Rh hexagons suggesting reasonable stability over a certain period
of time (3.5 h). (b) Field emission micrograph of the same; bright spots on the screen represent
emission at an applied potential of 10 kV from the protrusions on the emitter surface.

Current stability during field emission is one of the decisive parameters in the
context of practical applications of cold cathodes. The current stability of Rh/Si has been
investigated at a pre-set current of 1 pA (corresponding to the current density of 4 x 107

uA/cm?), over a duration of more than three hours. Accordingly, Figure 4.11(a) shows
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the current-time (I-t) plot for this pre-set current value at a base pressure of 1 x 10” mbar.
The Rh hexagons exhibit a remarkable current stability for repeated performance without
any obvious signs of degradation, making an initial excursion to ~1.5 pA. Further, a good
current stability with current fluctuations within + 15% of the average value is seen over
a period of more than the 3h. The I-t plot shows similar stability after repetitive
measurements suggesting lack of any degradation of the emission current during the
long-term operation. The observed current fluctuations in the form of spikes could
however, be attributed to the adsorption/desorption of the residual gas molecules at the
grain boundaries on the emitter surface. Moreover, self-diffusion of atoms at the tip in the
presence of high electric field is also expected to contribute to these fluctuations.
Accordingly, a comparison of the field emission properties of commonly employed
metallic and metal oxide nanostructures along with a brief description of the
corresponding synthetic methods is presented in Table 4.3 in order to highlight the
importance of the low threshold value for our Rh hexagonal emitter.

Table 4.3. Comparison of the field-emission performance of some recently reported
nanostructures with that of our Rh hexagons.

Sr. Emitter Synthesis method Turn-on Field- Current Ref.
No. | Nanostructures field enhancement | Stability
factor (B)
1. | ZnO nanowires Vapor Phase 6 V/um at 847 2h 36
Growth 0.1 pA/cm?
2. | Ge cone arrays Electron beam 15 V/ um at 560 - 37
Evaporation 1 mA
3. | SnO; nanorods Thermal 2.3-45V/ 1796 2h 38
Evaporation pmat 1
Method pA/cm?
4. | Rh Hexagons Chemical Vapor 0.72 V/um 9325 >3h Present
Deposition at 4x10° Work
‘ud/cm’
5. | AIN nano tips Chemical Vapor 10.8 V/umat | 367 and 317 - 39
Deposition 10 mA/cm?
6. | Strontium oxide | Magnetron Sputter | 4.4 V/um at 467 - 40
coated CNTs Deposition 1.96 mA/cm’
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Therefore, such materials are important in the fabrication of field emission devices,
requiring stable emission for extended operation. Moreover, the surface morphology of
the Rh hexagons on Si substrate by SEM after the field emission measurements shows no
severe deterioration even after a long-term operation. This signifies that the Rh hexagons
are mechanically robust and have strong resistance towards ion bombardment during the

electron emission. The observed field emission pattern comprises of bright and

symmetric oval shaped emission spots having higher image stability, as revealed in

Figure 4.11 (b).

Figure 4.12. SEM image of Rh hexagons before (a) and after (b) field emission measurements.

Figure 4.12 shows a comparative surface morphology of Rh hexagons on Si
substrate by SEM both before (a) and after (b) the field emission measurements. There is
no obvious deterioration even after a typical long-term operation (few hours) indicating
the excellent mechanical stability of these Rh hexagons against ion bombardment along
with no field induced mechanical stresses. This excellent current stability would be an

asset for sustained performance of the emitters.

4.5. Conclusions

Shape selective synthesis of nanostructured Rh has been demonstrated by a simple
chemical vapor deposition using rhodium acetate as a precursor. Different shapes of Rh
like hexagons, cubes, pyramids as a function of temperature have been characterized
using a host of techniques like scanning electron microscopy, transmission electron

microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, thermo gravimetric
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analysis and cyclic voltammetry. A comparison of the electrocatalytic activity of these
structures illustrates improved performance of cubes in comparison with other structures
towards formic acid oxidation. Thus, present results demonstrate the importance of a
precise control of morphology and their potential benefits, especially for fuel cell
applications since designing a better electrocatalyst for many fuel cell reactions continues
to be an important challenge. Further, electrical conductivity measurements as a function
of temperature for all the as-synthesized nanostructures suggest a metallic behavior. We
have also tested these nanostructured Rh for their remarkable field emission behavior.
The presence of sharp tips (100 nm) along with their nano-protrusions with an areal
density of 106 /cm? is believed to be responsible for a stable current density of 40 pA/cm®
that is drawn from the emitter at 1.76 V/um. Post field-emission SEM study shows no
significant change in emitter surface morphology indicating excellent mechanical
stability of these Rh hexagons against ion bombardment along with no field-induced

mechanical stresses, facilitating excellent pre-set current stability.
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CHAPTER 5

Rhodium-Carbon Nanotube Heterostructures for Field

Emission Applications*

This chapter deals with our attempts towards the synthesis of carbon nanotubes by chemical
vapor deposition followed by the formation of their heterostructures with Rh nanospheres. Rh

Al Substratc

w.y

nanospheres decorated on the surface of acid functionalized carbon nanotubes by a galvanic
displacement approach using Al (substrate) reveal remarkable field emission behavior of
enhanced current density (170 uA/cm?) generating at an ultra low threshold (300 V/um). This
high current density at low applied field indicates the origin of extraordinary emission from the
co-operative interaction of Rh heterostructures with carbon nanotubes. The present process for
the synthesis of hybrid materials can easily be scaled up for the development of miniaturized
devices like field emission transistors, electron guns and single electron transistors.

*A part of the work discussed in this chapter has been published in, “Chem.
Comm.46, 5671, 2010 ”
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5.1. Introduction

Metal nanostructures of tunable size and shape have been the central focus of research
due to their unusual electronic, optical and magnetic properties that are often different
from their bulk counterparts [1]. Exploitation of the electronic structure of these materials
at the nanoscale has strong implications on the development of high-throughput
electronic devices [2]. Moreover, carbon-based materials such as diamond, carbon
nanotubes (CNTs), carbon nanofibers (CNFs), carbon nanospheres (CNSs) and graphenes
are more favorable in terms of their better stability and mechanical strength [3]. Among
these, CNTs and graphene do possess unique structural, electronic, mechanical and
optical properties and hence they are actively sought as an effective component of a
variety of devices including field-effect transistors (FETs), Li-ion batteries, light-emitting
diodes (LEDs) and also as a catalyst supports in fuel cells [4]. These properties can be
further tuned by making their hybrid structures with inorganic materials like metals or
metal oxides. Additionally, higher surface area, mechanical strength and thermal stability
of these materials suggest a host of wide-ranging, potential applications in heterogeneous
catalysis, field emitters, high-strength engineering fibers, sensors, actuators, composites,
tips for scanning probe microscopy, gas storage media and next generation molecular
electronic devices [5].

A number of different strategies have therefore been put forward for the
fabrication of CNT based metal nanostructures. Current methods of binding nanocrystals
to CNTs often make use of small organic bridging molecules via covalent interaction (i.e.
organic or biomolecular linkers) to improve the adhesion between the nanostructures and
CNTs or through noncovalent interactions [6]. This will not only complicates the process
but also results in indirect and poor contact between the different phases. Indeed, the
consequential increase in the barrier for electron transport can adversely affect the
material performance in emission applications [7]. Another approach involves the direct
deposition of nanoparticles onto the surface of CNTs, either through the synthesis of

nanoparticles in situ using reducing agents or using electrodeposition with CNTs as
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templates [8]. Consequently, enormous improvements have been made, in the preparation
of metal/CNT heterostructures using silver (Ag), platinum (Pt), nickel (Ni), palladium
(Pd), rhodium (Rh) and gold (Au), despite the poor durability issues for some of these
heterostructures [8, 9]. Among these, Rh/CNTs could especially be promising due to its
central features such as excellent electrical performance, chemical inertness, mechanical
strength, remarkable thermal stability, lower electron affinity and significant stability
towards ion bombardment [10]. Despite their importance in various fields like lighting,
display, efficient emitters and in energy technology (like fuel cells, solar cells), no report
on the solution phase synthesis of Rh heterostructure on acid functionalized CNTs, is
available. An approach based on galvanic displacement of Al by Rh ions on the basis of
the difference in redox potential is very attractive due to its simplicity and ease of control.
It is well known that carbon nanotubes are good emitters [11] and more importantly, its
desirable properties can be further enhanced by making use of the electronic properties
(work function and the nature of density of states) of Rh by making heterostructures with
CNTs, since some of these can function remarkably well (at lower applied voltages) i.e.,
below the intrinsic current limit due to thermal effects [12].

In the previous chapter (i.e. chapter 4), we have discussed the shape selective
synthesis of Rh nanostructures using chemical vapor deposition followed by a discussion
of their enhanced field emission from hexagonal nanostructures mainly because of the
special features from tips and edges. In comparison, in this chapter, we demonstrate
enhanced field emission from Rh nanospheres decorated on multiwalled carbon
nanotubes (MWCNTs), compared to emission from both Rh nanospheres and acid
functionalized MWCNTs. An ultra-low threshold field of 300 V/um has been observed to
generate a comparatively higher current density of 170 pA/cm®, for Rh-decorated
MWCNTs while Rh nanospheres and acid functionalized MWCNTs display substantially
less value of 54 pA/ecm® and 32 pA/em® respectively under similar experimental
conditions. Higher current density at this ultra-low threshold field indicates that the origin
of extraordinary electron emission performance is from the co-operative interactions

between Rh nanospheres and MWCNTs. Further tuning of the size and distribution could
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offer several promising characteristics, specially required for the development of high
performance electron sources. The smaller size and active area of the carbon nanotubes
along with the possibility of modulating their co-operative interaction promises
remarkable characteristics for the development of devices like electron guns and
futuristic display devices. Moreover, these materials and heterostructures can easily be
scaled up by tuning the extent of functionalization on carbon nanotubes, which would be

useful for commercial applications.

5.2. Experimental Section
5.2.1. Materials

Multi-walled carbon nanotubes (MWCNTSs) were prepared by a CVD method using
naphthalene (99.9 %) as the source of carbon at 950 °C with the help of a two step
furnace as explained below. Naphthalene was selected because of its attractive features
like ease of sublimation, the presence of fused aromatic benzene ring, availability, and
crystalline nature. Si wafer (111) from Aldrich and Al substrate (thickness 75 pm, purity
99.99%), ethylene glycol, iso-propanol, acetone, sulphuric acid, nitric acid and
hydrochloric acid from Merck (AR grade) were used as received; deionized water (18

MQ) from Milli-Q system was used for all experiments.

5.2.2. Synthesis of Multi-walled Carbon Nanotubes (MWCNTs5)

For the synthesis of MWCNTs, an in-house fabricated CVD set-up, capable of attaining
1200 °C comprising of a dual zone furnace was used. In the beginning, a stream of Ar
was passed through the quartz tube (inner diameter 34 mm) at a flow rate of 500 sccm
(standard cubic centimeter per minute) to drive out all residual gases and impurities till
both the zones could achieve their respective temperatures (pre-heater zone; 200 °C, main
zone; 950 °C) as shown in Figure 5.1. Subsequently, a powder of naphthalene
approximately (~1 gm) was kept in the first zone maintaining ~180-200 °C to ensure its

complete sublimation.
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Figure 5.1. Experimental set-up used for CVD illustrating various components including dual-
zone heating arrangements for the synthesis of MWCNTSs; Rh-AA nanoparticle decorated on Si
wafer (111) was used as substrate for nucleation purpose.

In each experiment, Si (2 x 2 cm?’ Aldrich) substrates decorated by Rh
nanoparticles (Chapter 2, Section 2.2.2, Rh-AA, size of ~ 5 nm) were kept at the centre of
the second zone. Special care was taken during the experiment, so that once the
temperature of the second zone was at 950 °C (decomposition of naphthalene), the
sublimed molecules of naphthalene (~200 °C) could pass directly into the main zone by
means of a mixture with argon as a carrier gas with an optimized flow rate of 250 sccm.
The temperature of the pre-heater zone was maintained at the respective value by heating
at 5 °C/mins in order to carry out the complete reaction, i.e., complete sublimation with
the full utilization of the precursor. The furnace was cooled naturally and the material
grown on Si substrate at the center was collected for further studies including

morphological and structural characterization.

5.2.3. Functionalization of Multi-walled Carbon Nanotubes

200 mg of as-synthesised MWCNTs (diameter: 20 £ 5 nm) were carboxylated using
microwave (MW) treatment in an acid mixture of HySO4 98 % and HNO; 78 % (1:1)
for 4 min at a power of 60 % of the total 700 W (separated by 60s off-time interval).
The unfiltered residue was again dispersed in 2 M HCI and sonicated for 30 min to

develop —COOH groups rather than —COQO’, which perhaps otherwise could have
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hindered their further functionalization. The mixture was then filtered through a
Polytetrafluoroethylene (PTFE) membrane (pore size of 200 nm) and the carbon
residue was washed thoroughly with deionized water, until the pH of the filtrate
became neutral. These acidified MWCNTs were then dried at 80 °C in air for 5 h and

used for further studies.

5.2.4. Synthesis of Rh Nanospheres Decorated Carbon Nanotubes (Rh/MWCNTSs)

Functionalized MWCNTs (10 mg) having a solubility of 0.1 mg/mL was mixed with
500 mL of 1 mM aq. RhCl; and ultrasonicated (33 kHz) for 30 min to make a
homogeneous dispersion. A similar procedure as explained earlier (in chapter 3,
section 3.2.2) for the preparation of nanospheres was carried out for the decoration of
the Rh on MWCNTs by electroless reduction of Rh ions in the presence of acid
functionalized MWCNTs using Al as an active reducing substrate. A schematic

representation of various associated processes is illustrated in simple steps in Figure 5.2.

. Defects ~—SO,H SO
) —S0, <o,
- COOH - N = COO
'......& ® RKCI, 3H. )(11) \ ’ ; (iii)
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il HC1

Galvanic Dasplacement

Figure 5.2. A schematic representation of the assembling procedure for the decoration of Rh
nanospheres on acid functionalized MWCNTs; steps (i), (ii) and (iii) indicte chemical steps
of acid treatment, Rh ion anchoring, followed by the reduction using Al substrate on
MWCNTs respectiviely.

The color of the solution changed slowly from initial blackish orange to complete
black after the exposure of Al indicating complete adsorption of Rh** and subsequent
reduction on functionalized/defect sites of the MWCNTSs. Preferential adsorption of

Rh*" ions on side walls was observed, which could be due to more defect sites and an

interaction with active -COO™ groups on the side walls of MWCNTs. After 10 min of
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the reaction time, Al substrate was removed from the reaction mixture. This solution
was filtered first to remove the unreduced Rh** ions followed by washing using 1 M
NaOH to remove the Al releated impurities and at the end by deionized water. This
was further characterized using several techniques like scanning electron microscopy
(SEM), electron dispersive X-ray analysis (EDX), High resolution transmission
electron microscopy (HR-TEM), X-ray diffraction (XRD), X-photoelectron
spectroscopy (XPS), Fourier transform infrared spectroscopy (FTIR; DRIFT mode)

and thermogravimetric analysis (TGA).
5.3. Structural and Morphological Characterization

5.3.1. Raman Spectroscopy

Raman analysis of various nanotube samples was performed on a JASCO confocal
Raman spectrometer using 532 nm green laser (NRS 1500 W) in order to obtain the
effect of functionalization. Other characterization details like XRD, SEM, TEM,
HRTEM, EDS and XPS have already been described in Chapter 2 (section 2.3), and the

details of field emission studies have been explained in chapter 4 (section 2.3).

5.4. Results and Discussion

5.4.1. Scanning Electron Microscopy and Energy Dispersive X-ray Analysis

Figure 5.3. Comparative scanning electron micrographic images of MWNTs having size of ~20
nm diameter and length in several microns; (a) pristine MWNTSs with agglomerated amorphous
carbon (green circles) and (b) MWCNTs after acid treatment.
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Figure 5.3, exhibits a comparison of the SEM images of (a) pristine MWCNTs and (b)
acid treated MWCNTs revealing their higher quality (i.e., monodispersity in aspect ratio)
after functionalization. Importantly, the MWCNTs are found to be unperturbed with
respect to their length, suggesting that the cutting of nanotubes had not occurred during
the microwave irradiation, despite the use of harsh experimental conditions. Moreover,
Figure 5.3 (b) also reveals that the acid treated MWCNTs are slightly aligned relatively
parallel to each other perhaps due to the strong intertubular interactions arising
(electrostatic) presumably from the presence of newly created surface functional groups.
However, this kind of an interaction is absent in case of pristine MWCNTs as evident
from Figure 5.3 (a), since the intrinsically hydrophobic surface of MWCNTs (with sp
graphene stacking) results into total random orientation. Interestingly, no change in its
diameter (despite several sp’ defects sites) is observed after microwave treatment, which
could be due to the higher structural stability attributed to several graphitic layers.
However, single walled nanotubes are known to undergo dimensional changes and the

creates of many topological defects (stone-Wales) with acid treatment.
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Figure 5. 4. (a and b) scanning electron micrographic images at different magnifications of
Rh/MWCNTs prepared using the galvanic displacement approach and (c) elemental composition
as obtained from spot energy dispersive spectral analysis.

On the other hand, a comparison of SEM images in Figure 5.4 (a and b) shows Rh
nanospheres decorated on the surface of acid functionalized MWCNTs) at different
magnifications providing direct evidence for Rh coverage. Interestingly, a high density of
coalesced Rh nanospheres (~150 nm size) into an assembly of necklace like morphology
could be clearly seen throughout the MWCNT side-walls. Electron dispersive X-ray
(EDX) analysis confirms the local chemical composition of Rh/MWCNT
heterostructures, where distinct peaks at 2.68 keV and 2.89 keV could be identified as the
LP; and La; emission X-ray signals of Rh respectively and peaks at 0.26 keV, 0.51 keV
and 0.98 keV corresponding to C, O and N from the acid functionalized MWCNTs as

shown in Figure 5.4 (c). Moreover, in case of bare Rh only X-ray signals corresponding
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to Rh and O are observed (not shown here). This is also in good agreement with the

results from XRD and TGA analysis.

5.4.2. Transmission Electron Microscopy and Selected Area Electron Diffraction

Figure 5.5. (a-d) Low resolution transmission electron micrographic images of Rh/MWCNTs
heterostructure and (e) high resolution TEM image of single Rh nanospheres on MWCNT
surface, showing the aggregation of small nanoparticles with average diameter of ~2.3 nm; (f)
selected area electron diffraction pattern reveals rings corresponding to the crystalline Rh with fcc
pattern.

The successful attachment of Rh nanospheres to MWCNTs surface is also revealed by
high resolution transmission electron microscopy (HR-TEM) images as shown in Figure
5.5 (a-e). The unique morphological features (when compared to other regular spheres)
include their central thicker core and rougher, comparatively less dense outer surface
region having a diameter of ~150 nm. A control experiment carried out under similar
experimental conditions without carbon nanotubes clearly indicates that the Rh
nanospheres are with irregular surface morphology, despite having the same average

diameter of ~150 nm (section 3). However, the spacing is the same for assembled
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nanoparticles (~2.3 nm) with a good monodisperion as can be seen in the TEM image of
Figure 5.5(e). Significantly, this suggest the reduction of Rh atoms on defect/oxidized
sites of the MWCNTs, instead of that in solution and on the surface of the Al substrate,
perhaps could be due to the initial replacement of H" of the acidic functionalities of
nanotubes with Rh’" ions. Further, Al substrate oxidation (dissolution) forming a
Galvanic couple causes these Rh ions to undergo reduction on this already well-stabilized
carbon nanotube platform so that these nanoparticles with extremely high surface energy
are formed through spherical growth (as schematic shown in Figure 5.2). This hetero-
structure assembly is believed to be responsible for their enhanced field emission, despite

having higher size due to the assembly of smaller particles.

5.4.3. X-ray Diffraction
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Figure 5. 6. Superimposed X-ray diffraction for (a) as synthesized MWCNTs, (b) acid treated
MWCNTs showing inter-planar (002), turbostratic (10) reflections corresponding to graphene
stacking of MWCNTs and (¢) Rh-MWCNTs showing mixed reflections including (002), (111),
(200) and (220) planes.
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A comparison of superimposed powder XRD as shown in Figure 5.6 reveals a high
degree of crystallinity in cases of (a) pristine MWCNTs, (b) acid treated MWCNTs and
(c) Ri-MWCNTs, which provides valuable information on their change in crystallization
with surface functionalization and finally their heterostructure formation with unique size
distribution of Rh nanoparticles. Accordingly, all the carbon based samples [(a), (b) and
(c)] exhibit strong peaks at around 26 values of 26.6° and 42° that could be attributed to
(002) and turbostratic (10) reflections analogous to graphene stacking of MWCNTs [13].
Moreover, pattern (c) corresponding to Rh-MWCNT hetero-structure exhibits additional
strong diffractions at around 40°, 46° and 68° which can be indexed as Rh (111), (200)
and (220) reflections, suggesting the single phase fcc crystal structure of Rh(0) [10, 14].
The crystallite size of Rh in case of ‘as-prepared” Rh-MWCNTs (c) is found to be ~2.45
nm as inferred from the FWHM of 40° peak (corresponding to a d value of 2.27 A),
which is in excellent agreement with the size from high resolution TEM images as shown

in Figure 5.5 (e).

5.4.4. Fourier Transform Infra-Red Analysis

Structural information on the local molecular environment and hence sp” defect sites due
to the functional groups on CNTs can be obtained from FTIR analysis. Accordingly,
Figure 5.7. shows superimposed FTIR spectra for (a) pristine MWCNTs (b) acid treated
MWCNTs and (c) Rh decorated MWCNTs, where the common bands C-H (2800-3000
cm™) and C=C (1525 cm™) are particularly informative about the nature of graphitic
carbon from the MWCNT network. Moreover, it also gives a clear evidence for the
presence of sp> defects after functionalization of MWCNT surface followed by their final

surface modification through Rh decoration.
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Figure 5.7. A comparison of Fourier transform-infra red spectra of (a) pristine MWCNTs, (b)
acid treated MWCNTs and (c) Rh decorated MWCNTs; all spectra have been taken after making
pellets using KBr.

Another common and broad band in the high frequency region, at 3480 cm’
corresponding to the free -O-H bonds is invariant with surface modification, although a
slight shift (at 3660 cm’™) in the case of acid treated MWCNTSs (b) is observed which
could be attributed to intermolecular bonding (H-bonding) among various functional
groups on sidewalls [15]. The fundamental bands corresponding to C=0O (broad; in the
range of 1680-1850 cm™) might be attributed to -COO™ groups while the -O-H (phenolic;
1150 cm™) band observed for both acid treated and Rh decorated MWCNT
heterostructures is common [(b) and (c)], except in the case of pristine MWCNTs (a).
Normally the peak at 1600 cm™ is a distinct features of -COO" group; however in the case
of (c¢), this downward shift is perhaps due to the charge transfer interactions of —COO
with Rh. Moreover, the appearance of an additional strong band at 800 cm™ in the case of

Rh-MWCNTs is attributed to the presence of a Rh-O bond [16].
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5.4.5. Thermogravimetric Analysis

Figure 5.8 shows superimposed thermal profiles for acid treated MWCNTs (a) and Rh-
MWCNT heterostructures (b) revealing a slight initial and more or less similar weight
loss till 300 °C, which is expected for both the samples, due to the loss of residual water,
surface adsorbed oxygen and functional groups present on the acid treated MWCNTSs and
Rh-MWCNTs heterostructures respectively.
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Figure 5.8. Superimposed thermogravimetric (TG) analysis of (a) acid treated MWCNTSs and (b)
Rh-MWCNTs performed in air at 10 °C/min.

However, a sharp and distinct weight loss step (a) in the range of 550 °C to 650 °C
in case of acid treated MWCNTs (single stage ~ 99.45 %) suggests clear evidence for the
absence of amorphous carbon content after acid treatment. The observed decomposition
temperature of carbon is still presumably lower than that of the reported decomposition
temperature of MWCNTs (700 °C) [17-18]. Rb-MWCNTs (b) in comparison, shows
clearly two-stage weight loss, since the presence of Rh can facilitate oxidation and a
faster decomposition above 300 °C of the Rh decorated surface as expected followed by
the other parts of the tubes. As the level of Rh dispersion is significantly higher on Rh-
MWCNTs, the oxidation of carbon assisted by Rh is faster in this system and accordingly
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the TGA profile displays a quick weight loss region followed by a tail of the gradual
decomposition. Finally, from the remaining residue after 730 °C, the amount of Rh in Rh-
MWCNTs heterostructures is quantified to be 70 wt% which is also in good agreement

with the results of XRD, EDX and XPS studies as explained earlier.

5.4.6. X-ray Photoelectron Spectroscopy
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Figure 5.9. X-ray photoelectron spectra of (a) C 1s, (b) O 1s and (c) Rh 3d core levels for Rh-

MWCNTs, which show three environments for carbon due to a range of functionalization steps
along with Rh decoration (experimental data points are shown as circle, resultant fitting curves as
continuous lines and individual fitted curves as dashed lines deconvulated by using Shirley fitting
algorithm).

The presence of surface functionalities on the carbon based materials (acid treated
MWCNTs and Rh-MWCNTs) along with as-synthesized MWCNTs is confirmed by XPS
analysis and the corresponding binding energies for C Is, O 1s and Rh 3d core levels are
presented in Table 5.1. Accordingly, Figure 5.9 (a) shows the XP spectrum of as-

synthesized hybrid material where, the C Is spectrum has been deconvulated to three
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peaks; a major peak at 284.5 eV is assigned to C-C bonds, while two minor contributions
at 287.1 eV and 288.3 eV respectively, could be attributed to the carbon atoms attached
to oxygen atoms in two different environments such as -C-OH and —COOH [19-20].
Minor contributions from three different oxygen functionalities as compared to the major
C-C peak also supplement the results of the thermogravimetric studies (only 15 % weight
loss), revealing the presence of oxygenated functional groups generated during the
synthesis. The oxygen spectrum also gives two peaks (Figure 5.9 b), after a similar fitting
procedure: a peak at the binding energy of 531.6 eV corresponds to the double bonded
oxygen (like >C=0 group) while another peak at 534.6 eV could be attributed to the

presence of adsorbed moisture and oxygen.

Table 5.1: A Comparison of the binding energies of C 1s, Rh 3d and O 1s present in MWCNTs,
acid treated MWCNTs and Rh-MWCNTSs heterostructures.

Sr. No. | Nanostructures Cls O1s Rh 3d Interactions
3d s, 3ds

1. Pristine MWCNTSs 284.6 531.4 - - C-C,C-O
286.8 536.1

2. Acid-treated 284.6 533.7 - - C-C, C-OH,

MWCNTs 286.8 534.8 C-COOH,

290.1 C-SOs;H

3. Rh-MWCNTs 284.7 531.6 307.7 312.2 C-C, C-0,
287.1 534.6 C-O-Rh,
288.3

Binding energy values for Rh 3d doublet at 307.7 eV and 312.2 eV with line
shape and peak to peak separation (4.5 eV) are consistent with Rh” oxidation state.
However, a slight negative shift in the binding energy of 3d peak is attributed to the
attachment of Rh nanospheres on MWCNTs support, where a charge transfer can occur
from the electron rich carbon nanotube support to the Rh [21]. Similarly, the XP spectra
for pristine MWCNTs and acid treated MWCNTs have been analyzed based on Shirley
fitting and the binding energies of Cls and Ols for all emitter samples have been

documented in Table 5.1. A comparison of the binding energy values of Ols for all
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samples along with their intensities clearly suggests the functional differences on the
surface of MWCNTSs. These comparative XP results thus reveal almost a similar
chemical environment for oxygen and carbon, although their surface properties could

cause a dramatic change in their electronic structure after anchoring Rh.

5.4.7. Raman Spectroscopy

Raman spectroscopy has also been employed to strengthen our interpretation of efficient
acid functionalization followed by the decoration of Rh nanospheres on the surface of
MWCNTs. Accordingly, Figure 5.10 (a) presents a comparison of the Raman spectra of
the pristine, acid treated and Rh nanospheres decorated MWCNTs, each of them

consisting of two characteristic bands.
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Figure 5.10. (a) Comparative Raman spectra of the pristine, acid treated and Rh nanospheres
decorated MWCNTs, and (b) variation in intensity ratio of D to G band of MWCNTs with
oxidation and the subsequent decoration with Rh nanospheres.

Bands at 1320 cm™ (for pristine), 1327 cm™ (for oxidized) and 1332 cm™ (for Rh
nanospheres-decorated MWCNTs) all correspond to the D band, which is caused by the
induction of significant defects or disorder in the CNT surfaces [22]. In comparison, the
G band corresponding to the crystallite graphitic structure is obtained at 1578 cm™
(pristine), 1581 cm™ (oxidized) and 1583 cm™ (Rh nanospheres decorated MWCNTSs)
respectively. The D and G peaks have been analyzed for the intensity ratio (Ip/Ig) to

quantify the surface oxidation process along with their concomitant topographic effects.
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Accordingly, Figure 5.10 (b) shows the Ip/Ig values for the pristine, acid functionalized
and Rh nanosphere decorated carbon nanotubes. The surface oxidized carbon nanotubes
have a higher Ip/Ig ratio than that for the pristine carbon nanotubes, which is indicative of
oxidative functionalization although further oxidation causes a continuous increase in the
number of defective sites, which presumably increases the reactivity of the MWCNTs
[23].

The distribution of defect sites on the nanotube lattice is due to the breaking of
some of the walls of the MWCNTs by oxidation (schematic shown in Figure 5.2). These
defects include the conversion of sp>-hybridized to sp’-hybridized carbon during the
oxidation process, with the creation of carboxylic and hydroxyl groups. In particular, the
Ip/lg ratio decreases significantly after forming the heterostructures. This suggests that
the defect sites generated on the MWCNTSs surface during oxidation can be passivated by
the Rh decoration, along with a slight red shift of both D and G bands. The increase in
Ip/Ig ratio (Figure 5.10 b) together with shifting of G and D bands (Figure 5.10 a) is seem
to be related to the strong bond between surface oxidized carbon (carbon defects) and
surface Rh-atoms. This also indicates a valency satisfaction (dangling bonds) of surface
carbon (from CNTs) by some of the surface Rh atomic electrons present in the clusters
similar to self assembled monolayers or monolayer protected clusters, leading to a regular
packing of atoms at the interface. These speculations could also be supported by an
appreciable suppression of a shoulder of G band (clearly seen in acid treated MWCNTS)

after Rh decoration.

5.4.8. Field Emission Studies

Having demonstrated the unique morphological features of these nanostructured
Rh/MWCNTs and their co-operative effects between Rh nanospheres and MWCNTs as
compared to that of “as-synthesized” Rh nanostructures (Chapter 3, Rh nanospheres) by
the same approach and also that of acid functionalized MWCNTs, we now extend our
discussion further to illustrate their effect on field emission. Accordingly, Figure 5.11

shows a typical superimposed emission current density Vs applied electric field plot for
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the diode configuration of (a) Rh nanospheres decorated carbon nanotubes, (b) Rh
nanospheres and (c) acid functionalized MWCNTs respectively.

Both the turn-on-field and the higher current density of the Rb/MWCNTs indicate
that the field emission from the Rh nanospheres decorated on MWCNTs is enhanced
considerably, where an onset field of 260 V/um, requiring an emission current of 6.5 nA
(corresponding to the current density of 2.5 x 10” pA/cm?) is reproducibly observed. The
emission current density of the Rh decorated MWCNTs measured at 450 V/pm is seen to
improve from 32 pA/cm? (acid functionalized MWCNTS) to 54 pA/cm® (Rh nanospheres)
to finally 68 pA/cm’. In addition, turn-on field decreases from 340 V/um (acid treated
MWCNTs) to 270 V/um (Rh/MWCNTSs) (shown in Table 5.2.), which could be due to

the co-operative effects, explained earlier.
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Figure 5.11. Field emission (J-E) characteristics for (a) Rh-MWCNTs, (b) Rh nanospheres and
(c) acid functionalized MWCNTs mounted on Si, revealing typical metallic behaviour.

The enhanced emission properties can be explained on the basis of reduced turn-
on-field and improvement in emission current density related to the Rh nanospheres

anchored on CNTs. The functionalization of CNTs using Rh nanoclusters presumably
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decreases the local work function of the field emitters enabling an increase in the density
of states (DOS) near the Fermi level of CNTs surface due to the co-operative nature of
the electronic interactions from Rh. However, only moderate field emission is observed
from acid functionalized MWCNTs as compared to that of other two emitters (Rh
decorated MWCNTs and Rh nanospheres). This may be due to the fact that many defect
sites created by the acid treatment contain many oxygen functional groups along with the
destruction of regular graphitic structure on the surface, which automatically reduces the
emission current density. Accordingly, a comparison of the Field-emission performance
of our emitter materials along with the list of some recently reported nanostructures is
shown in Table 5.2. For example, higher current density at an ultra-low field with a
higher field enhancement factor for the Rh-MWNTs than that of the Rh nanospheres, acid
functionalized MWNTs and Rh hexagons could be explained based on the comparative

results for other reported emitters.

Table 5.2. Comparison of the Field-emission performance of our heterostructures with some
recently reported nanostructures.

Sr. Emitter Synthesis method  Turn-on field Field- Reference
No. Nanostructures enhancement
factor (B)
1. Rh/MWCNTs Galvanic Displacement 168 pA/cm” at 9820 Present work
with Al 450 V/pm
2. Rhnanospheres  Galvanic Displacement 54 pA/cm? at 490 1880 Present work
with Al V/pm
3. Acid functionalized Chemical Vapour 32 pA/sz at 490 1070 Present work
MWCNTs Deposition V/um
4, Rh Hexagons Chemical Vapor 4x10°pA/cm? at 9325 24
Deposition 0.72 V/pum
5. Er/MWCNTs Chemical Vapor 3.4 mA/em’® at 2543 25
Deposition 1.8 V/um
6. SiC/Si High temperature carbon 2.6 V/um at - 26
Heterostructures implantation into Si 1pA/em’
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5.5. Conclusions

This chapter presents a method for synthesizing unique hetero-junctions of Rh-MWCNTs
(size ca. 2.3 nm) on acid functionalized MWCNTs surface (~150 nm) with enhanced
field emission behavior. The synthesis consists of acid functionalization of MWCNTs
followed by a simple ion exchange, for replacing the proton of acid functionalities by
Rh’" ions and subsequent reduction of these ions by a  galvanic approach. An ultra-low
threshold field of 300 V/um is observed to generate an emission current density of 170
nA/cm?, which is an appreciably large value as compared to that of individual Rh-
nanospheres (54 pA/cm?) and functionalized MWCNTSs (32 pA/cm?®). Our process can
easily be scaled up using larger Al substrates and by tuning the extent of functionalization
on MWCNTs which would be useful in microelectronics and also for field emission
displays. Moreover, our process can easily be tuned to control the extent of
functionalization on carbon nanospheres which would be useful in the development of
miniaturized devices for commercial applications. The smaller size of emitting area along
with the possibility of modulating their co-operative interaction promises remarkable
characteristics for development of futuristic field of microelectronics and emission based

devices.
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CHAPTER 6

Conclusions and Future Prospects

This chapter deals with the major conclusions of the present study with respect to the
shape-selective synthesis of Rh nanostructures, heterostructure formation of Rh nanoclusters with
carbon nanotubes and their effects on structure-property relationship. Related promising
developments and daunting challenges in this broad area are also discussed to map the futuristic
applications of these fascinating nanomaterials in view of their fundamental and technological
interest. Finally, some of the future prospects and precautions for processing Rh nanostructures
and contiguous materials are also explained within the broad perspective of nanotechnology and
its societal impacts for device applications. It also outlines several limitations of both
nanostructured Rh as well as their hybrid materials along with few suggestions. Despite these
limitations, the results of present study are believed to be useful to understand several
fundamental phenomena of metal nanostructures for fabricating nanoscale devices in future.
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High aspect ratio nanomaterials of Rh has emerged as a major theme in
contemporary nanotechnology due to its immense application possibilities. Rhodium is
an especially promising nanomaterial due to its remarkable electronic, electrochemical,
optical, and catalytic properties. Despite its high cost, the manipulation of the electronic
structure of Rh at the nanoscale has strong implications on the development of high-
throughput Rh nanostructures for enhancing their activity for potential applications.
Accordingly, the present thesis outlines the potential utility of several attempts for the
synthesis of various Rh nanostructures by solution, electrochemical and chemical vapour
deposition approaches along with some of their respective merits and demerits over each
others. Rh in reduced dimensions is an excellent material for the efficient transport of
electrons/phonons and optical excitations, although the ultimate potential of these
nanostructures is strongly dependent upon the ability to precisely control their
morphology (which include size, shape and dimensionality), composition, crystal
structure and phase purity at subnanometer length scale. As this unique physical and
chemical properties could be controlled remarkably by tuning their morphology
characteristics, unraveling the critical parameters responsible for achieving the size and
shape selective synthesis of Rh is critical to the function and more importantly for
integrating in many nanoscale devices. Despite the immense knowledge in this area, the
synthesis of these nanostructures with high selectivity for special applications is still in an
early stage of development. A number of challenges such as difficulty of precisely
controlling the aspect ratio, lack of selectivity and uniformity in size distribution,
difficulties of scale-up, cost effectiveness remain to be addressed before these materials
to find viable applications. A thorough understanding of the growth mechanism is a key
step towards achieving selective growth of nanostructures, which is of particular
significance both for the creation of new materials as well as for the fabrication of
devices using these structures. The main objectives of the present investigation have been
formulated to address some of these important challenges related to the synthesis,
characterization and possible applications (especially in electrocatalysis and field

emission) of high aspect ratio nanostructures of Rh. This system is selected because of its
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outstanding role as multifunctional catalysts in many industrial applications, including
fuel cells, in addition to other more recent use in plasmonics, molecular electronics, field
emission and so on.

Accordingly, chapter 1 demonstrates a critical review of the synthesis of Rh
nanostructures using various methods including chemical, electrochemical and gas phase
deposition strategies. Since, only limited progress has been achieved in synthesizing
these materials with precise morphological control and better shape distribution, that too
often in the presence of different types of capping molecule/surfactants, we have
demonstrated the potential utility of polyfunctional molecules to synthesize high aspect
ratio (nanochains, nanorods, nanoneedles) Rh nanostructures and other nonspherical
nanostructures in Chapter 2. At the end of this chapter, the electro-catalytic activity of
these nanostructures has also been explored towards formic acid oxidation, as an
important test reaction for micro-fuel cells. Although, the presence of different types of
capping molecule/surfactants is a critical parameter for achieving the shape-selective
synthesis of these nanostructures, their presence could drastically hamper their potential
benefits to some extent.

To overcome the inherent limitations of organic molecule capped structures,
while keeping the objective to achieve the shape selective synthesis of Rh nanostructures
for various applications, we demonstrate the potential utility of galvanic displacement
approach for the synthesis of highly oriented nanostructures of Rh with Al as a sacrificial
material through micro-galvanic cell formation in chapter 3. Tunable surface plasmon
resonance (SPR) of these nanosturctures has been illustrated based on their surface
roughness. Further, the role of the applied potential, concentration of Rh source, pH,
temperature, presence of capping molecules and their effect on the diffusion of reactant
(Rh*") and product (Rh°) species toward and away from the surface of the Al has been
elucidated towards the evolution of unique nanostructures of Rh. At the end of this
chapter we have also compared the electrocatalytic performance of different anisotropic
morphologies of Rh towards formaldehyde oxidation reaction, and these results are

relevant for developing new anode materials in fuel cell technology.
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Apart from the shape and monodispersity of nanostructures, a precise control of
their crystallographic orientation is also a determining factor for selectivity and hence
modulation of these planes of nanostructures is significant for the development of
molecular-scale electronic devices, emitters for field emissions, selective catalytic
reactions etc. However, only a limited progress has been made on the synthesis of
oriented, capping free metallic nanostructures for various applications using above
explained chemical and electrochemical synthetic approaches. This limitation arises
mainly because of the challenges due to the presence of surface stabilizer, their
separation, purification and recycling aspects. However, the presence of external capping
molecules on the surface of nanostructures may alter their loading on electrode surface,
which in turn could hamper some of their activity. In this context, we have demonstrated
in chapter 4, the utility of chemical vapor deposition (CVD) approach to overcome the
above mentioned problems of these approaches for producing high quality Rh
nanostructures with different orientations like cubes, pyramids and hexagons. Further, a
comparative electrocatalytic performance of these nanostructures towards formic acid
oxidation has been correlated with their crystallographic orientation obtained from X-ray
diffraction analysis. More importantly, four probe conductivity measurements reveal a
systematic variation in the conductivity with their respective shapes. Field emission
behavior from hexagonal Rh nanostructures has been discussed at the end as a typical
example, in order to demonstrate the utility of these findings for applications. For
example, the presence of sharp tips of the nanopotrusions with a higher areal density is
indicated to be responsible for a stable current density along with their excellent current
and mechanical stability toward ions bombardment.

It is well known that hybrid nanostructures are expected to show remarkable
properties through co-operative interactions especially for desired applications. For
example, Li and coworkers have recently reported Au-based hybrid magnetic
nanostructures, including Au-Co core-shell and Au-Ni spindly nanostructures for tunable
magnetic features. Carbon nanotubes and Rh are already considered to be good emitters,

and these desirable properties may be further enhanced by making use of the electronic
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properties (work function and the structure of density of states). As a result of this we
have demonstrated in chapter 5, a unique hetero-junction formation based on the
controlled decoration of Rh-nanospheres (2.3 nm) on acid functionalized MWNTs (~150
nm) with their enhanced field emission behavior compared to that of Rh nanospheres
prepared by same method and also individual MWCNTSs.

Thus the main results of this thesis unravel few issues related to the shape
selective synthesis of Rh nanostructures, their heterostructures with carbon nanotubes
along with their structure-property relationship and related effects on various properties.
In the entire thesis, we have focused mainly on Rh and their carbon nanotube based
heterostructures because of their outstanding role as multifunctional catalysts in many
applications, particularly in fuel cells and field emission based devices. We have explored
the uniqueness of plane oriented growth of Rh synthesized by chemical vapour deposition
without the assistance of surfactants/capping molecule and also foreign species which is
beneficial from their application point of view, in terms of blights of contamination.
More importantly, we have demonstrated how the properties unique to nanostructures
vary with morphology by considering their application in electrocatalysis, in a semi-
guantitative manner.

Thus the major accomplishments of the present investigations could be summarized as
follows-
+«+ Fabrication of high aspect ratio nanostructures of Rh along with their assemblies
using polyfunctional molecules.
¢ Preparation of oriented nanosturctures of Rh including, cubes, pyramids,
hexagons etc., by chemical vapour deposition approach.
+« Synthesis of Rh nanostructures by galvanic displacement approach with Al for
their tunable optical features.
% Synthesis and functionalization of carbon nanotubes followed by their

heterostructure formation with Rh nanoclusters.
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% Comparative formaldehyde and formic acid oxidation studies of these Rh
nanostructures with commercial Rh and their investigations based on the
structure-property correlations of interest to fuel cells.

< Enhanced field emission studies form Rh nanostructures and Rh/MWNT
heterostructures.

However, there are a number of unsolved issues that remain to be addressed before these
materials could be exploited commercially. Even though, chemical vapor deposition
allows a precise control of morphology without the aid of any surfactants/capping
molecule, the nanostructures synthesized through reduction often proceed through the
modulation of temperature of system which makes surface passivation through the oxide
formation which in turn retards their reactivity. For example, in electrocatalysis, better
performance of a catalyst requires the absence of surface passivating agents (capping
molecules, surface oxide impurities) [5]. More importantly, the nanostructures which are
used as catalysts should have high uniformity in size and shape distribution to precisely
quantify the catalytic influence. As a result, much more efforts are essential to resolve
these issues before realizing their complete potential. In addition, several existing gaps in
our understanding need to be filled by important investigations focusing on structure-
property correlations. For example, to envisage the electronic application of these
metallic, one dimensional as well as hybrid morphologies, understanding of several
fundamental and fascinating issues about the electronic properties such as the coherence
of extended states, single electron behavior, difficulty of having individually addressable
electronic contacts, the role of finite size and symmetry breaking and related phenomena
is essential [6].

Furthermore, there are several daunting tasks like addressing the environmental
concern and societal impact of these materials since very little is known about the long
term impact of these materials especially how they behave inside living organisms. Based
on previous studies on asbestos and chrysolite, we expect many of these nanostructures to
be perhaps environmentally hazardous. Researchers dealing with these types of

nanostructures should take great caution while handling. In this regard, a systematic, but
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rigorous evaluation on how these nanostructures will impact our environment and health
is urgently needed.

Our novel approaches, for the shape selective synthesis of Rh nanostructures and
its processing offer an unprecedented opportunity to obviate many limitations of
currently employed materials, opening new possibilities of manipulating the properties
and stability to give enhanced performance. Despite steady progress during the couple of
years, several key limitations need to be kept in mind before these results could

commercially be exploited, as illustrated bellow:

*0

% The understanding of the nucleation, growth kinetics and thermodynamics of
these structures are necessary to resolve several fundamental issues related to the
structural manipulation of these materials.

+«+ Suitable methods to prepare shape selective nanostructures, organic-inorganic or
inorganic-bio hybrid materials are to be developed, since they often have novel
functions.

« Adequate strategies to realize high vyield of Rh nanostructure, especially
nanowires and nanotubes, must await further advances in synthesis (e.g., atomic
layer deposition; ALD) and fabrication of devices with more accurate control.

% Magnetic properties of some of these Rh nanostructures have potential
applications in various device fabrications, and these need to be considered
further.

¢+ A proper understanding of the role of commonly used materials for the building
of nanostructures as well as the interface of nanoparticle/organic or biomolecules
need to be evaluated. Since the toxicity is also expected to increase for
nanomaterials compared to its bulk, these assessments may help to extend their
applications in several social sectors.

% Assembling various shaped and high aspect ratio nanostructures in well defined

domains to understand their coupled optical, electrical or magnetic response is

still a daunting challenge.
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%+ More details on both the preparation and characterization of the heterostructures,
core shell and alloys of Rh with other materials are needed to prove their potential
applications.

+»+ Recycling potential of these nanostructured electrocatalyst has not been pursued,
which is important for exploiting their utility in practical applications.

Since, some of these disadvantages restrict the full potential of commercial applications
of these Rh based structures, further work is essential to alleviate some of these problems.
Despite these limitations, the present approach offers enough scope to design different
shaped nanostructures through a simple route with better reproducibility. In addition to
the shape-dependent electrocatalysis, the present approach is also believed to unravel
many shape-dependent fundamental phenomena of these nanomaterials. More
significantly since these methods of shape-tuning are very general, we hope that apart
from high aspect ratio nanostructures this could be extended to the synthesis of other

potential anisotropic metallic and semiconducting nanostructures.
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