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In this work, we have developed a novel green chemistry approach for the
synthesis of high-concentration (100-1000 ppm) palladium nanoparticles (PdNPs) and

flowerlike palladium microstructures (FPduSTS) using reducing agent and stabilizer

which are very cheap and harmless to the environment. PdCI~ was reduced while the

obtained nanoparticles were stabilized by a non-toxic sucrose and hydrogen peroxide
(HP). Spherical PANPs and FPduSTs with particle size in the range of 100 nm to 5
um were successfully synthesized. The added sodium hydroxide is a key factor for the

generation of reducing species from sucrose. The optimal synthesized condition was
determined in order to completely reduce all PdCI;” and to produce small PdNPs

with high stability. This approach can be scaled-up for the production of high-
concentration PdNPs for industrial use with a highly competitive price. Morphology

(size and shape) and complexity of the FPduSTs could be tuned through the synthetic
conditions (i.e., concentrations of PdCI;~ and HP). The time dependent investigation

of FPduSTs formation suggested that the FPduSTs evolved from PdNPs with a
particle size of 3 nm. The naked FPduSTs with clean surfaces are expected to possess

high catalytic activity.
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CHAPTER |

INTRODUCTION

1.1 Nanotechnology

Nanotechnology is a term that is widely discussed and draws attention of
scientists and people all over the world. Many definitions to describe the word
“nanotechnology” have been made, but the most accepted definition is these three
following attributes [1].

1. Research and technology development at the atomic, molecular or
macromolecular levels, in the length scale of approximately 1 — 100 nanometer
range.

2. Creating and using structures, devices and systems that have novel properties and
functions because of their small and/or intermediate size.

3. Ability to control or manipulate on the atomic scale.

Nanotechnology has the ability to create many new materials and devices with
many applications, such as medicine, electronics, and energy production. Therefore,

there are many products, which we use in our daily life, involve with nanotechnology.

1.2 Nanomaterials and their catalytic usage

Due to special electronic, optical, and magnetic properties when compare to
their bulk form, nanomaterials, which are one of the big part in nanotechnology, are
interested in the materials world. Nanomaterials are used in electronic, biomedical,
pharmaceutical, cosmetics, energy, and catalytic applications [2]. Industrial-scale
production of some types of nanomatials such as carbon black nanoparticles, titanium
dioxide nanoparticles, or polymer dispersions has been produced for a long time.

Catalytic usage is one of the foremost applications of nanomaterials. Various
catalytic reactions, such as reforming, combustion, methanol synthesis, hydrogen and

hydrogen peroxide production, CO and CO, hydrogenation, and Fischer-Tropsch



synthesis of fuel are receiving much more attention because of their important for
petroleum and petrochemical industry, power generation, and pollution abatement [3].
During the past years, the preparation of catalyst from nanomaterials with a very high
performance has been challenged. One of the important characteristics that
nanomaterials catalyst should have is a high dispersion with narrow particle size
distribution, especially for reactions which the final product distribution varies with
the particle size of catalyst. Various kinds of metal, usually in the form of
nanoparticles supported on substrate, have been used as a catalyst. For examples,
palladium nanoparticles supported on ZrO,, TiO,, or Al,O3 (for methanol synthesis
and hydrogen production), platinum nanoparticles deposited on carbon (for
electrocatalysts), and TiO, (for photocatalysts). These catalysts are called
heterogeneous catalyst [3]. The major advantages of heterogeneous catalyst are that
they are easy to separate from reactants and products and can be used at high
temperature and pressure. However, the disadvantages are their poor catalytic activity
and selectivity compared to homogeneous catalyst [4]. Therefore development on
homogeneous catalyst becomes a more popular topic for the scientific research. Many
methods have been used to synthesize metal nanoparticles for catalytic applications.
However, most of the synthetic methods still use toxic and expensive chemicals as
reducing agent, stabilizer and solvent. Moreover, some methods are complicated
which consume a lot of energy and generate a lot of toxic wastes. Also the problem of
toxic chemicals waste release in the environment which is a big global issue at the
moment.

In this work, we have developed a novel green, efficient, and commercialize-
able approach for synthesizing high-concentration palladium nanoparticles by using
sucrose and hydrogen peroxide, which are very cheap and harmless to the
environment, as both reducing and stabilizing agents. This approach can be scaled-up
for the production of high-concentration palladium nanoparticles for industrial use

with a highly competitive price.



1.3 The research objective

The objective of this research is to develop a novel method for the synthesis of
high-concentration palladium nanoparticles by using sucrose and hydrogen peroxide

as reducing agents.

1.4 The research scopes

1. Develop a novel method for the synthesis of high-concentration palladium
nanoparticles by using sucrose and hydrogen peroxide as reducing agents.

2. Study effect of the synthetic parameters, which are the acidic and alkaline
treatments of sucrose, concentration of reducing agent, and concentration
of palladium chloride precursor, on the particle morphology.

3. Investigate the morphology (size, shape and crystal structure) of
synthesized palladium nanoparticles by scanning electron microscope,
transmission electron microscope, and X-ray diffractometer.

4. Investigate the functional group transformations of sucrose after acidic and
alkaline treatments by attenuated total reflection Fourier transform infrared

spectroscopy.

1.5 Benefit of research
Obtain green, efficient, and commercializable approach for the synthesis of
high-concentration palladium nanoparticles using sugar and hydrogen peroxide as

reducing agents.



CHAPTER 11

THEORETICAL BACKGROUND

2.1 Properties and applications of palladium

Palladium is a silvery-white, ductile, and malleable metal which was
discovered in 1803 by William Hyde Wollaston during the process of platinum
refining. It was named after the newly discovered asteroid, Pallas which is the name
of the Greek goddess of wisdom. The major sources of palladium are located in South
Africa and Russia [5].

Palladium is one of the noble metals in the platinum group elements (PGEs)
which comprising of the rare platinum (Pt), palladium (Pd) rhodium (Rh), ruthenium
(Ru), iridium (Ir), and osmium (Os). Palladium is a noble metal which is difficult to
oxidize because of a combination of high sublimation energy and high ionization
potential [5]. The most important application of palladium is using as a catalyst.
Palladium is widely used as a catalyst for various purposes, especially in petroleum
and petrochemical industry that needs to accelerate chemical processes in order to
save energy, time, and chemical usage. Palladium is used as the catalysts in various
organic reactions such as petroleum cracking process, Suzuki coupling reaction [6],
and hydrogenation [7, 8] (Figure 2.1B). The highest demand of palladium comes from
the manufacturing of automobile catalytic converter in automobile industry which
palladium catalyst converts pollutants in engine exhaust gases into harmless non-
pollutants [9] (Figure 2.1A). According to its ability in absorbing hydrogen (up to 900
times of its own volume) [10], palladium is used as a catalyst in hydrogen gas fuel

cell [11] (Figure 2.2) which is one of the important energy source in the future.



Figure 2.1 Applications of palladium catalyst for automobile catalytic converter [12]
(A) and hydrogenation reaction [8] (B).

Individual Fuel Cell

(10F reuse) /. Electric /.
’ Power '/

Figure 2.2 Applications of palladium catalyst for hydrogen gas fuel cell [13].

Palladium can be made into finely divided forms, especially the nanoparticles
that are catalytically active. Nowadays, research on palladium nanoparticles (PdNPs)
synthesis are not only focused on production of very small size PANPs (i.e., in order
to enhance catalytic activity via high surface area) [14], but also paying attention to
the shape-control synthesis of PANPs (i.e., in order to enhance catalytic activities via
shape effect) [14-16].

2.2 Synthesis of palladium nanoparticles

Methods for the synthesis of PANPs could be divided into two distinct ways
which are physical method and chemical method (Figure 2.3). Physical method is
based on the breaking down of bulk metals and subsequent stabilization of the
generating nanoparticles by addition of surfactant or capping agents. The examples of
technique used in this physical method are laser ablation, focused ion beam milling
and electron beam lithography (Figure 2.4). On the other hand, chemical method is

based on the growth of nanoparticles starting from metal atoms, which are obtained



from ionic precursors [17]. The most well-known technique in this chemical method
is chemical reduction (Figure 2.5). The latter method is likely to be more popular
because it is simple and no need for an advanced instrument to fabricate
nanoparticles. The chemical reduction generally involves reducing agent that gives
the electron to metal ion to form zero-valent metal atom which then nucleate and
growth into metal nanoparticles. The examples of chemical, which commonly used as
a reducing agent, are sodium borohydride (NaBH,), hydrazine (N,H,4), and alcohol.
However, the naked metal nanoparticles are unstable and have a tendency to
aggregate and precipitate out which make them lose their catalytic activities.
Therefore metal nanoparticles need to be stabilized or surface-protected by stabilizing
or capping agent which can be uniformly dispersed in organic solvents or water. The
examples of chemical, which commonly used as stabilizing or capping agent, are

polymer and surfactant [18].
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Figure 2.3 Schematic illustration of metal nanoparticles preparation by physical and

chemical methods [17].
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Figure 2.4 Techniques [19, 20] for synthesis of metal nanoparticles by physical
method.
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Figure 2.5 Synthesis of metal nanoparticles by chemical reduction [18].

2.3 Synthesis of palladium nanoparticles by chemical reduction

For the synthesis of PANPs by chemical reduction, the palladium ion (Pd®*) is

usually in the stable form of palladium chloride complex (PdCI%™). However, due to a
higher reduction potential, the reduction of Pd** is faster than PdCI%". The reduction

of Pd** and PdCI?" to Pd® metal can be described by equation 2.1 [21] and 2.2 [22].

Pd**+2¢¢ ——> Pd° E°=095V (2.1)
PdCI> +2¢¢  ——»  Pd°+4CI E°=064V (2.2

Many methods have been developed for the synthesis of PANPs by chemical
reduction. These methods are mostly different in the chemicals used as reducing and
stabilizing agent, solvent, and synthetic condition which are the temperature, pressure,
and catalyst. Also the resulting PdNPs are different in morphologies which are size
and shape of the nanoparticles. The examples of research about synthesis of PANPs
are presented as follows:

In 1998, Teranishi and Miyake [23] synthesized PdNPs by using alcohol as a
reducing agent and polyvinylpyrrolidone (PVP) as a stabilizer. The final
concentration of synthesized PdNPs is 90 ppm. The synthesized nanoparticles are
spherical shape with the particles size of 1.7 to 3 nm. The size of nanoparticles could
be reduced by increasing the concentration of reducing and stabilizing agents.

In 2001, Yonezawa et al. [24] synthesized PdNPs by using hydrazine as a

reducing agent and quaternary ammonium salt alkylisocyanides as a stabilizer. The



final concentration of synthesized PdNPs is 200 ppm. The shape of nanoparticles is
spherical with particles size of 3 to 10 nm. In this work, the stabilizer used is a
cationic surfactant with the hydrophilic chain. Therefore the stabilized nanoparticles
could well disperse in water. Moreover, the size of nanoparticles could be reduced by
increasing the hydrophilic chain-length of surfactant.

One of the most referenced publications is the work of Kim et al. in 2005 [25],
which PdNPs were synthesized by using acetylacetonate as a reducing agent and
trioctylphosphine as a stabilizer. The concentration of synthesized nanoparticles is
3000 ppm. The spherical PANPs with the particle size of 3.5 to 7 nm were obtained.
The thermal decomposition at 250 °C was believed to be the catalyst for generating
reducing property acetylacetonate.

In addition to develop the method for synthesis of PANPs, the utilization of the
synthesized PANPs as a catalyst was also studied by many research. In 2004, Pillai
and Demessie [7] synthesized PdNPs by using polyethylene glycol as a reducing
agent and phenanthroline as a stabilizer. The spherical PANPs with the size of 2 to 6
nm were obtained. The final concentration of PdNPs is 100 ppm. The obtained
nanoparticles were applied as a catalyst for the hydrogenation reaction of olefin. They
found that the catalytic activity of PANPs stabilized by phenanthroline is better than
the one with no phenanthroline stabilized.

Beyond the synthesis of spherical shape of PdNPs, methods for shape-
controlled synthesis, to obtain others shape of PdNPs with a better activity and
selectivity for catalytic usage, were also developed. In 2007, Chang et al. [16]
synthesized PdNPs by using ascorbic acid as a reducing agent and
cetyltrimethylammonium bromide (CTAB) as a stabilizer. The concentration of
PdNPs is 30 ppm. The shape and size of the nanoparticles is cubic and 85 nm (Figure
2.6), respectively. In this work, CTAB played an important role for controlling the
growth of nanoparticles into cubic shape by selectively stabilized on the crystal facet
and slowed down the rate of nanoparticles growth.
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Figure 2.6 Cubic shape of PANPs with the size of 85 nm [16].

There are many other researchers developed methods for the shape-controlled
synthesis of PANPs by using CTAB as stabilizing and shape-controlling agents. The
other shapes of PANPs unless cubic were successfully synthesized. In 2010, Niu et al.
[10] synthesized PANPs by using ascorbic acid as a reducing agent and CTAB as a
stabilizer. The concentration of synthesized nanoparticles is 25 ppm. The PANPs with
many shapes such as dodecahedral, decahedral, and rod-shaped were obtained (Figure
2.7). The particle size is 100 nm. The highlight of this work is the use of potassium
iodide (KI) for controlling the growth of PANPs into many shapes. Moreover, increase

the synthetic temperature could result in a shape of PANPs with more edge and corner.

P \ \ )

Figure 2.7 Cubic, decahedral, octahedral, and rod shapes of PANPs [10].

Although the above mentioned succeed to develop many methods for the
synthesis of PANPs with a high potential to be used as a catalyst. However, most of
these synthetic methods still use toxic and expensive chemicals as reducing agent,
stabilizer and solvent. Moreover, these methods are complicated which consume a lot
of energy and generate a lot of toxic wastes. Also the problem of toxic chemicals
waste release in the environment which is a big global issue at the moment. Therefore
the 12 principles of green chemistry [26] were established for science and technology

development. These principles are basically about design of processes which are



11

maximize the amount of raw material that ends up in the product, use of safe and
environmental-friendly substances, and energy efficient use.

The 12 principles of green chemistry become interested by many researches
focusing on the synthesis of PANPs. The researchers try to use chemicals which are
non-toxic and environmental-friendly as reducing and stabilizing agents. In 2004,
Panigrahi et al. [27] synthesized palladium nanoparticle by using glucose, fructose,
and sucrose as reducing as well as stabilizing agents. The concentration of
synthesized PANPs is 25 ppm. The spherical PANPs with the size in the range of 1 to
20 nm were obtained. In this work, it was found that sucrose which is a non-reducing
sugar can be used as a reducing agent because sucrose was hydrolyzed under acidic

condition to yield glucose and fructose which are both reducing sugars.

Twelve principles of green chemistry are listed as follows:
Prevent waste

Atom economy

Less hazardous chemical synthesis

Designing safer chemicals

Safer solvents/reaction media

Design for energy efficiency

Renewable feedstocks

Reduce derivatives

© oo N o g B~ w DN PE

Catalysis
10. Design for degradation/design for end of life
11. Real-time monitoring and process control

12. Inherently safer chemistry

In 2007, Nadagouda and Varma [28] synthesized PdNPs by using vitamin B2
as reducing as well as stabilizing agents. The synthesized nanoparticles are in the
concentration of 1000 ppm. The spherical and rod-shaped PdNPs with the size in the
range of 5 to 13 nm were obtained. The size and shape of nanoparticles could be

controlled by changing the type of solvent used.
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It was found that the size of PANPs could be reduced by increasing the rate of
nucleation of nanoparticles. In 2009, He et al. [21] synthesized PdNPs by using
ascorbic acid as a reducing agent and carboxymethyl cellulose (CMC) as a stabilizer.
The final concentration of synthesized nanoparticles is 20 ppm. The size and shape of
nanoparticles are 3.6 nm and spherical, respectively. In this work, increasing the
synthetic temperature could increase the rate of nucleation which resulted in a smaller
size of PANPs. Moreover, CMC played an important role as a stabilizing agent by
reduced the kinetic energy of nanoparticles. Therefore very small size PANPs with a
narrow size distribution were obtained.

There is also the synthesis of PANPs by using plant-extracted as a reducing
agent. In 2009, Yang et al. [29] synthesized PdNPs by using broth of C.camphora leaf
as reducing as well as stabilizing agents. The synthesized PdNPs are in the
concentration of 500 ppm. The spherical PANPs with the size of 3.2 to 6 nm were
obtained. The smaller size PANPs with a narrow size distribution were obtained by
increasing the concentration of used palladium chloride. They explained that the rate
of nucleation was increases while the Oswald ripening process was inhibited by
increasing the concentration of used palladium chloride.

Furthermore in 2009, Liu et al. [9] synthesized PANPs by using ascorbic acid
as a reducing agent and chitosan as a stabilizer. The synthesized PdNPs are in the
concentration of 20 ppm. The polyhedral and flowerlike PANPs with the size of 60 to
70 nm were obtained (Figure 2.8). The synthesized nanoparticles were also applied as

a surface enhanced Raman substrate. It was found that the flowerlike PdNPs had a

. 5 S |
A 20, 4

Figure 2.8 Flowerlike and polyhedral shapes of PANPs with the size of 60 nm [9].

All of these researches suggest that PANPs could be synthesized by using

various kinds of reducing and stabilizing agent which are non-toxic and friendly to
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environment. However, there are a few researches synthesized PdNPs at a high
concentration. In this work, we try to develop a new method for the synthesis of
PdNPs by using sucrose and hydrogen peroxide, which are harmless to environment,
as reducing agents. Sucrose can be bought from a local supermarket with a very low
price. Moreover, we synthesized PdNPs from palladium chloride which prepared by
dissolving palladium metal in aqua regia. Therefore we could save the cost by 40

times comparing to that buying palladium chloride from commercial.

2.4 Theory on nucleation and growth of metal nanoparticles

In the typical synthesis of metal nanoparticles, the formation of the
nanoparticles could be explained by the nucleation and growth mechanism proposed
by Lamer and co-workers [30] (Figure 2.9). The first step involves the reduction of

metal ion precursor, which usually in the form of metal salt, into zero-valent metal
atom. For the synthesis of PdNPs, the most commonly precursor used is PdCI>

which can be reduced to Pd atoms by a reducing agent. When the concentration of Pd
atoms is high enough to reach the critical limit of supersaturation, the Pd atoms
aggregate to form nuclei by the nucleation process. These nuclei then grow by
addition of atoms to the nuclei which result in the drop of concentration of Pd atoms.
When the concentration of atoms decreases below the level of minimum
supersaturation, no additional nucleation can occur and the nuclei can continue to
grow via supply of atoms in the solution. The nuclei will grow into larger size
nanocrystals until equilibrium has been reached. Besides this, nuclei and nanocrystals

can undergo agglomeration and merge into larger objects.
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Figure 2.9 Plot of atom concentration and time, showing the nucleation and

subsequent growth [30].

2.5 Stabilization of metal nanoparticles

Polymer or surfactant is often used as stabilizers of metal nanoparticles. These
substances can control both reduction rate of metal ions and the aggregation process
of metal atoms. Typically, there are two types of stabilization which are electrostatic
stabilization and steric stabilization [2, 31].

Electrostatic stabilization is the adsorption of ions to the electrophilic metal
surface. The electrical double layers of adsorption are created. These double layers

result in a Coulombic repulsion force between individual particles (Figure 2.10).
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Figure 2.10 Schematic illustration of metal nanoparticles stabilized by electrostatic

repulsion [2].

Another method is the steric stabilization which molecule of polymer or
surfactant adsorb on the metal nanoparticles surface. These molecules adsorbed on the
surface of nanoparticles generate a steric barrier which inhibits the aggregation

between nanoparticles (Figure 2.11).
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Figure 2.11 Schematic illustration of metal nanoparticles stabilized by steric
hindrance [31].



CHAPTER IlI

EXPERIMENT

3.1 Chemicals and materials

Palladium chloride (PdCI;") solution was prepared by dissolving 10 g of

palladium metal in 50 mL of aqua regia [32]. The solution was stirred under gentle

heat until palladium metal was completely dissolved. The volume adjustment was
made in order to obtain a certain concentration (100,000 ppm) of PdCI;~ solution.

Sucrose was bought from local supermarket. Other chemicals used in this experiment
are all of an analytical grade (Merck, Germany). All chemicals were used as-received

without further purification. The de-ionized water was used as solvent.

3.2 Synthesis of palladium nanoparticles by using sucrose as a

reducing agent

Palladium nanoparticles (PANPs) were prepared via reduction of PdCI~ by
sucrose. A 10 mL of 1% (w/v) sucrose solution was heated at 90 — 100 °C for 15 min.
Then, 10 mL of 2000 ppm PdCI%~ was rapidly added under vigorous stirring and was
allowed to be proceeded for a reduction reaction at 90 — 100 °C for 15 min. The color
of the solution gradually turned slightly black after the PdCIZ~ addition, indicating the

formation of PANPs.
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3.3 Synthesis of palladium nanoparticles by using acidic and alkaline-

treated sucrose as reducing agents

The effect of acidic and alkaline treatment on the reducing property of sucrose
was studied. Sucrose was treated with hydrochloric acid (HCI) and sodium hydroxide
(NaOH) before using as a reducing agent. The treatment process was divided into 3
categories, which are acidic-treatment, alkaline-treatment, and acidic then alkaline-

treatment.

3.3.1 Synthesis of palladium nanoparticles by using acidic-treated sucrose as a

reducing agent

For the synthesis of PANPs by using acidic-treated sucrose as a reducing
agent, a 50 mL of 2% (w/v) sucrose was heated with 10 mL of 1 M HCI at 90 — 100
°C for 30 min. Then, the solution was cooled down to room temperature and pH was
adjusted to 7 by 0.2 M NaOH. The volume was adjusted back to 50 mL in order to
obtain a 2% (w/v) of acidic-treated sucrose solution.

A 10 mL of 1% (w/v) acidic-treated sucrose solution was heated at 90 —
100 °C for 15 min. Then, a 10 mL of 2000 ppm PdCI;~ was rapidly added under

vigorous stirring and was allowed to be proceeded for a reduction reaction at 90 — 100

°C for 15 min. The color of the solution gradually turned slightly black after the
PdCI:~ addition, indicating the formation of PdNPs.

3.3.2 Synthesis of palladium nanoparticles by using alkaline-treated sucrose as

a reducing agent

For the synthesis of PdNPs by using alkaline-treated sucrose as a
reducing agent, a 5 mL of 2% (w/v) sucrose was heated with 5 mL of 0.2 M NaOH at
90 — 100 °C for 15 min. Then, 10 mL of 2000 ppm PdCI:~ was rapidly added under
vigorous stirring and was allowed to be proceeded for a reduction reaction at 90 — 100
°C for 15 min. The color of the solution gradually turned black after the PdCI;

addition, indicating the formation of PANPs.
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3.3.3 Synthesis of PANPs by using acidic then alkaline-treated sucrose as a

reducing agent

For the synthesis of PANPs by using acidic then alkaline-treated sucrose
as a reducing agent, a 50 mL of 2% (w/v) sucrose was heated with 10 mL of 1 M HCI
at 90 — 100 °C for 30 min. Then, the solution was cooled down to room temperature
and pH was adjusted to 7 by 0.2 M NaOH. The volume was adjusted back to 50 mL in
order to obtain a 2% (w/v) of acidic-treated sucrose solution.

A 10 mL of 1% (w/v) acidic-treated sucrose solution was heated with 5
mL of 0.2 M NaOH at 90 — 100 °C for 15 min. The color of the solution gradually

changed from colorless to orange. Then, a 10 mL of 2000 ppm PdCI;~ was rapidly

added under vigorous stirring and was allowed to be proceeded for a reduction
reaction at 90 — 100 °C for 15 min. The color of the solution suddenly turned black

after the PdCI>~ addition, indicating the formation of PANPs.

3.4  Preparation of palladium film through self-assembly of palladium

nanoparticles at air-water interface

Palladium (Pd) film was prepared by the self-assembly of PANPs synthesized

by using acidic then alkaline-treated sucrose as a reducing agent. Self-assembly of
PdNPs at air-water interface occurred only when a high concentration of PdCI;~ was
employed. The process is the same as the synthesis of PANPs by using acidic then
alkaline-treated sucrose as reducing agent (3.3.3). The only one difference was the
concentration of PdCI3~, which 10,000 ppm of PdCI;~ was used instead of 2,000

ppm. Pd film gradually appeared and became more apparent within two days after the

reaction.
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3.5 Synthesis of flowerlike palladium microstructures by

using hydrogen peroxide as a reducing agent

Flowerlike palladium microstructures (FPAuSTsS) were synthesized via

reduction of PdCI; by hydrogen peroxide (HP) under an acidic condition. Briefly, 5

mL of 30% HP was rapidly added into 5 mL of 600 ppm PdCIZ solution. The

solution was homogeneously mixed before left standing undisturbed throughout the
course of reaction. The particles precipitated after a prolonged standing for 30 min.

The particles were separated via decantation and filtration.

3.6  Characterization of palladium nanoparticles, palladium film, and

flowerlike palladium microstructures

The synthesized PANPs, Pd film, and FPduSTs were characterized by a variety
of techniques. The completion of reaction was observed by UV-vis spectroscopy. The
particle morphology was investigated by scanning electron microscope (SEM) and
transmission electron microscope (TEM). Attenuated total reflection Fourier
transform-infrared (ATR FT—IR) microspectroscopy was applied for monitoring the
functional group transformations of sucrose after acidic and alkaline treatments.

Crystal structure was observed by X-ray diffraction (XRD) technique.

3.6.1 UV-vis spectroscopy

The UV-vis spectra were obtained on Mikropack DH-2000 UV-vis NIR
spectrometer with Spectra Suit software. The deuterium lamp with a scan range of
200 - 850 nm was used as a light source. The quartz cuvette with optical path length
of 1.0 cm was employed as a sample cell. All UV-vis spectra were referenced using

de-ionized water.
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3.6.2 Scanning electron microscopy

The SEM micrographs were recorded using JEOL JSM-6510A scanning
electron microscope, operating at 20 and 30 keV. The colloidal PdNPs were
centrifuged at 4000 rpm for 10 min to obtain black precipitate. The precipitate was
washed with de-ionized water for several times and then re-dispersed in de-ionized
water under ultra sonic for 10 min. The purified PANPs were then deposited on the
plastic sheet by centrifugation at 4000 rpm for 10 min. The deposited particles were
picked-up by a carbon-tape attaching on the aluminum stub and ready for SEM

characterization.

3.6.3 Transmission electron microscopy

The TEM images were recorded using FEI Tecnai'™ G® 20 S-TWIN
transmission electron microscope operated at 200 keV. The colloidal PANPs were
centrifuged at 4000 rpm for 10 min to obtain black precipitate. The precipitate was
washed with de-ionized water for several times and then re-dispersed in de-ionized
water under ultra sonic for 10 min. The purified PANPs were then deposited on a
copper grid and ready for TEM characterization.

3.6.4 Attenuated total reflection Fourier transform infrared spectroscopy

The IR spectra were record using Nicolet 6700 FT-IR spectrometer with
an attenuated total reflection (ATR) technique. Germanium was used as an internal
reflection element (IRE). The mercury-cadmium-telluride (MCT) was used as a
detector. The sample was dropped-dried on the glass-slide and ready for ATR FT-IR

characterization.

3.6.5 XRD technique
The XRD patterns were recorded by a DMAX 2200 Rigaku X-ray
diffractometer equipped with a Cu Ka radiation. The sample was dropped-dried on
the glass-slide. After that, the dried samples in the form of powder or film were

transferred to the XRD sample holder and ready for characterization.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Palladium nanoparticles synthesized by using sucrose as a reducing

agent
4.1.1 Formation of palladium nanoparticles

PdNPs were synthesized via reduction of PdCIZ~ by sucrose. In order to

enhance the reducing efficiency, sucrose was pre-treated under acidic and alkaline
conditions. The sucrose treatment was divided into 3 processes which are acidic,
alkaline, and acidic then alkaline. Finally, PANPs were obtained by 4 synthetic
conditions. The optical image (Figure 4.1) shows that PANPs synthesized by using
sucrose (Figure 4.1A) and acidic-treated sucrose (Figure 4.1C) as reducing agents,

have a yellow solution with a small amount of precipitated particles. These indicated
that small amount of nanoparticles are obtained while a large amount of PdCI;™ are

remained. On the other hand, PANPs synthesized by using alkaline-treated sucrose
(Figure 4.1B) and acidic then alkaline-treated sucrose (Figure 4.1D) as reducing
agents, have a yellow-black solution with a large amount of precipitated particles and
fully-black color, respectively. These indicated that large amount of nanoparticles are
obtained. These results inform that alkaline treatment is a key factor for enhancing the
reducing efficiency of sucrose. Therefore, a large amount of PdNPs are obtained.
Moreover, PANPs, synthesized by using acidic then alkaline-treated sucrose as a

reducing agent, has the most dispersive property.
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Figure 4.1 PdNPs synthesized by using (A) sucrose, (B) alkaline-treated sucrose, (C)

acidic-treated sucrose, and (D) acidic then alkaline-treated sucrose as
reducing agents.

4.1.2 UV-vis absorption spectra of palladium nanoparticles

The UV-vis spectra of PdNPs, synthesized by using sucrose, alkaline-
treated sucrose, acidic-treated sucrose, and acidic then alkaline-treated sucrose as
reducing agents, were collected (Figure 4.2). The highest absorbance in the range of
300 to 700 nm, which is due to the absorption of black PdNPs [18], belongs to the
PdNPs synthesized by using acidic then alkaline-treated sucrose as a reducing agent.
This informs the presence of highly-disperse PdNPs colloid. The absorption in the
300 to 700 nm region is also found in PANPs synthesized by using alkaline-treated
sucrose as a reducing agent. The lower absorbance comparing to the PdNPs
synthesized by using acidic then alkaline-treated sucrose as a reducing agent confirms
the nanoparticles aggregations presented in PANPs synthesized by using alkaline-
treated sucrose as a reducing agent. On the other hand, the absorption in this region is
not found in the PANPs synthesized by using sucrose and acidic-treated sucrose as

reducing agents. Nevertheless, there is the absorption peak around 240 nm which
indicates the remaining of PdCI5 . This absorption peak is not found in the absorption

spectra of PdNPs synthesized by using alkaline-treated and acidic then alkaline-
treated sucrose as reducing agents. However, there is also the absorption in the 240 to

350 nm region which belongs to the sucrose treated in acidic then alkaline solution.

This absorption region overlaps with the absorption peak of PdCI% . Therefore, to
make sure that there was no PdCI; remained, 0.1 M NaBH, which is a very strong

reducing agent was added into the PdNPs colloids. If there is a remained PdCIZ, the
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absorption in the 300 to 700 nm region would increase due to the formation of PANPs
from the reduction of PdCI: . After the addition of NaBHy,, the increase of absorption
in the 300 to 700 nm region appears for PANPs synthesized by using sucrose and
acidic-treated sucrose as reducing agents (Figure 4.3A and 4.3C). On the other hand,
there is no significantly increase of absorption in the 300 to 700 nm region for PANPs
synthesized by using alkaline-treated and acidic then alkaline-treated sucrose as
reducing agents (Figure 4.3B and 4.3D). These results suggest that alkaline-treated

and acidic then alkaline-treated sucrose are efficient reducing agents which could
reduce all of PACI;~ to PANPs whereas sucrose and acidic-treated sucrose could not.
It is concluded that alkaline is an important factor for the generation of sucrose

reducing property.

1.0
A: UV-Vis spectra of PANPs
- PdCI
== PdNPs (sucrose)
Q —— PdNPs (alkaline sucrose)
c - PdNPs (acidic sucrose)
8 0.5} == PdNPs (acidic alkaline sucrose)
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B: UV-Vis spectra of sucrose
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Figure 4.2 UV-vis spectra of (A) PdNPs synthesized by using sucrose treated in
various conditions as reducing agents and (B) sucrose treated in various

conditions.
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Figure 4.3 UV-vis spectra of PANPs synthesized by using (A) sucrose, (B) alkaline-
treated, (C) acidic-treated sucrose, and (D) acidic then alkaline-treated
sucrose as reducing agents comparing between diluting with NaBH,

(blue) and DI water (black).
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4.1.3 Morphology of palladium nanoparticles synthesized by using sucrose as a

reducing agent

The morphology of PANPs was investigated by SEM and the results are
shown in Figure 4.4. Although acidic and alkaline treatments could affect the
reducing efficiency of sucrose, they did not affect much to the morphology of the
synthesized PANPs. The size of PANPs synthesized by using original, alkaline-treated,
acidic treated, and acidic then alkaline treated sucrose as reducing agents is all in the
range of 50 to 100 nm. The shape of the nanoparticles is nearly spherical with a
number of aggregations. The reason why there are no difference of the particle
morphology and a number of aggregations could be explained by the limitation of
sucrose usage. Although the reducing efficiency of sucrose could be increased by pre-
treating with acid and alkaline solution, the stabilizing property of sucrose is still
poor. Sucrose is short chain disaccharides which likely to have less stabilizing power
comparing to a long chain polymer or surfactant. Therefore, the synthesized
nanoparticles would have more chance to aggregate together. Moreover, this organic
molecule has a very strong interaction with the PANPs which made it very difficult to
be removed from the nanoparticles surface. This would be one reason for the
aggregations of PANPs because the organic molecule on particle surface could interact
with the other one on other particle surface [33]. However, PANPs synthesized by
using acidic then alkaline- treated sucrose as a reducing agent seem to have more
uniformity in size and shape than PdNPs synthesized by using sucrose treated by
other three conditions as reducing agent.

The EDX measurement was performed to investigate the elemental composition
of the particles. The intense peak at 2.85 keV indicating that PANPs synthesized by
using acidic then alkaline treated sucrose as reducing agent are dominantly composed
of Pd metal (Figure 4.5C). The carbon (C) element in the EDX-spectrum originated
from the employed carbon tape substrate.
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Figure 4.4 SEM micrographs of PdNPs synthesized by using (A) sucrose, (B)
alkaline-treated, (C) acidic-treated sucrose, and (D) acidic then alkaline-
treated sucrose as reducing agents. (left and right views are lower and

higher magnifications, respectively)
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Figure 4.5 SEM micrographs of PANPs synthesized by using acidic then alkaline-

treated sucrose as a reducing agent, at (A) lower and (B) higher
magnifications, and (C) EDX spectrum.
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Figure 4.6 (A-C) TEM images, (D) electron diffraction pattern, and (E) XRD pattern

of PANPs synthesized by using acidic then alkaline-treated sucrose as a

reducing agent.
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4.1.4 TEM images and crystal structure of palladium nanoparticles

The TEM images (Figure 4.6A-4.6C) confirm the aggregation of PdNPs
synthesized by using acidic then alkaline-treated sucrose as a reducing agent and also
the existence of sucrose covered on the particles (Figure 4.6C). However, the intrinsic
size of the particles, which is around 10 nm, is revealed. The corresponding electron
diffraction pattern reveals diffused rings assigned to (111), (200), (220), and (311)
lattice planes corresponding to the face-centered cubic (fcc) crystal [34]. The XRD
pattern with diffraction peaks (260) of 39.8°, 46.4°, 67.8°, and 82.0° confirms the fcc
crystal structure [35, 36].

4.1.5 Degradation of sucrose under acidic condition

Unlike most disaccharides, sucrose is a non-reducing sugar because of
the formation of glycosidic bond between the reducing ends of both glucose and
fructose. However, it can be converted into a reducing sugar by treating with acidic
and alkaline solution. By treating with acidic solution, the glycosidic oxygen atom of
sucrose is protonated and followed by heterolysis which glycosidic bond is broken
down to form the two monosaccharides with one monosaccharide in the form of a
cyclic oxocarbonium ion [37]. However, glucose or fructose carbonium ion can react
with water to form D-glucose or D-fructose and regenerate the H*. The schematic
diagram of sucrose degradation under acidic condition is presented in Figure 4.7.
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Figure 4.7 The mechanism of sucrose degradation under acidic condition.

4.1.6 Degradation of monosaccharide under alkaline condition

Even sucrose was acidic-degraded to yield D-glucose and D-fructose
which are both reducing sugar, the further degradation of these monosaccharide was
conducted to generate smaller organic molecules with a higher reducing efficiency.
Although D-glucose and D-fructose could undergo acidic degradation to yield smaller
organic molecules nevertheless, the reaction is extremely slow. Alternatively, alkaline
degradation could be better applied to degrade D-glucose and D-fructose. The alkaline
degradation of monosaccharide is initiated by the reversible reaction which
monosaccharide is rearranged via mutarotation and isomerization into enediol anion
intermediate (Figure 4.8). This reaction is also known as the Lobry de Bruyn Alberda
van Ekenstein rearrangement [37]. The generated enediol anion intermediate might be
further degraded through non-reversible reactions.
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Figure 4.8 The mechanism of mutarotation and isomerization of monosaccharide to

generate enediol anion intermediate.

The non-reversible degradation reactions can be described by five reaction
types (Figure 4.9) which are p-elimination, benzilic acid rearrangement, a-dicarbonyl
cleavage, aldol condensation, and retro-aldol condensation [37]. These degradation
reactions lead to the scission C-C bond and result in lower molecular weight organic
acid products. These products are expected to be the reducing agents for the reduction

of PdCI;~ to PANPs. A simplified reaction scheme with the obtained products is

shown in Figure 4.10.
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Figure 4.9 The mechanism of monosaccharides degradation under alkaline condition.



V.V m COOH x
TRIOSES ’ HC=0 Ln + 0
COOH COOH COOH  [L_ L &
al all COOH H,C-C-OH HOM,C—C-OH HE_oH Ey [ H&‘OH
f | coon He-oH HC-OH HC-OH 2 COOH™ CHOH
= T <« | MO GOoH H, HC-OH HC-OH —C-OH HC=0
=0 H&—OH HC-OH !: o X
L | H,OH HC-OH HC-OH H, g
T 3 3 H,OH
[o} HC=0 alll %I I 2 H!:—OH g
8.+ NG o, Lrom
2 * oo < 4<(3l:=0 al TETROSES EHZ
1 o) =0 1
T En, ; H, o \l/b I +=o ~———> COOH Hi:o
3 * H.OH GOOH L oy cH, COOH COOH CH,0H HE-oH i HC-OH -t CHy
T 7 H c=0 HyC—E-OH HOH,C-C-OH C=0 EH,0H H,OH
o CHzOH c=0 H,OH H, =0
3 COOH H20H HE-OR L Qi BN (HC-OH Er,0H bh, Hg=o .| COOH
3 | 0 G
& i HG-OH "nc_on He-on  HC-OH H,OH o EH,
P HOH Ly on H.OH HZO'I\-I C6 . %
*+)
— /N \EOOH Hewo
HC=O  COOH =
H,OH " Mz oot on
H, H; H,OH
Heso HC-OH  HC-OH §
&H HC-OH HC-OH 1 il 1
(+)3 A4 H,OH CH,OH G5
v v N HC=0
EOOH HC=O0  COOH HC=0  COOH Eh, ot POOH
H.OH H, CH,  HC-OM HC-OH Lnon | CHOH
: , HC-OH HC-OH  HC-OH HC-OH
&H,0oH &_HZOH _&HZOH &HZOH c4 ca
},
?OOH Hi (EOOH Hi
CH,OH CH,OH CHs Ha C2
HCOOH H,C=0 C1

a: 1,2-enediol,b: 2,3-enediol, I : B-elimination, I : benzilic and rearrangement, Il1 : a-dicarbonyl clevage, IV : retro-aldolization, V : aldolization

Figure 4.10 A simplified reaction scheme of monosaccharides degradation under alkaline condition [38].
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4.1.7 Investigation of sucrose degradation under acidic and alkaline conditions

by ATR FT-IR spectroscopy

A: Sucrose
B: Alkaline-treated sucrose
C: Acidic-treated sucrose

D: Acidic then alkaline-treated sucrose

E: Pd nanoparticles - acidic then alkaline-treated sucrose

| e 1 1 | L 1 1 1 1 1

4000 3500 3000 2500 2000 1500 1000
Wavenumber (cm?)

Figure 4.11 ATR FT-IR spectra of (A) sucrose, (B) alkaline-treated sucrose, (C)
acidic-treated sucrose, (D) acidic then alkaline-treated sucrose, and (E)
PdNPs synthesized by using acidic then alkaline-treated sucrose as
reducing agent.

The ATR FT-IR spectra demonstrate functional group transformations of
sucrose after acidic and alkaline treatments (Figure 4.11). Original sucrose has broad
band from 3700 to 3000 cm™ due to the OH stretch vibration (vo,), band in the 2700
to 3000 cm™ region for the C-H stretching modes, intense bands in the 1000 cm™
region for the C-O and C-C stretch vibrations, and a broad band around 1400 cm™ for

the C-C-H and C-O-H deformation modes [39]. After the acidic treatment, there is a
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change of the spectral feature in the 1000 cm™ region due to the breaking down of
glycosidic bond linkage between glucose and fructose units. On the other hand, there
is no significant change of the spectrum after the alkaline treatment. Thereafter, the
acidic treated sucrose was further treated with alkaline solution. The spectrum was
significantly changed. There are the appearance of the absorption band around 1580
and 1410 cm™ which correspond to the asymmetric (v(COOY)) and symmetric
(vs(COQ)) carbonyl bonds of the acid salts, respectively [40]. These indicate that
sucrose was converted to organic compound with the acid-functional group by the
alkaline treatment, particularly when sucrose was pre-treated with acid solution. The

generated acid-functional group was believed to be the reducing end for the reduction
of PdCI;™ to Pd metal. Moreover, the spectrum of synthesized PANPs was collected

and the result shows that there are three absorption bands of the asymmetric
(v(COQ)) and symmetric (vi(COQ")) carbonyl bonds of the acid salts, C-O and C-C
stretch vibrations, and OH stretch vibration (vo4). These findings confirm the

existence of organic acid compound binding on the surface of PANPs [33].

4.2 Sucrose induced formation of palladium film at air-water interface

4.2.1 Formation of palladium film at air-water interface

A: 1stday B: 274 day C:3dday

Figure 4.12 Optical images depicting the formation of Pd film at air-water interface.

Optical images (Figure 4.12) show that a shiny palladium film gradually
formed at air-water interface and became more apparent within two days after the
reaction. The morphology of the film was investigated by SEM and the results reveal

that the film was composed of nano-sized Pd particles inter-connected with each other
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(Figure 4.13A and 4.13B). The average size of each particle is 50 nm. The
corresponding energy dispersive X-ray (EDX) spectrum (Figure 4.13C) indicates that
Pd film is dominantly composed of Pd metal. The carbon (C) element in the EDX-
spectrum is originated from the employed carbon tape substrate.
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Figure 4.13 SEM micrographs of Pd film (A) lower and (B) higher magnifications,
and (C) EDX spectrum.

4.2.2 The time-dependent investigating formation of palladium film at air-water

interface

The time-dependent investigation of Pd film formation reveals that the Pd
film evolves from the self-assembly of spherical PANPs with the particle size in the
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range of 50 to 100 nm. The nanoparticles inter-connected together to form aggregates
with porous structures in the first two days after reaction (Figure 4.14A and 4.14B).
After that, the nanoparticle aggregates became less porous (Figure 4.14C) as the
additional nanoparticles filled in the space between aggregates. Finally, the PANPs
aggregates transformed into Pd film with no porosity within 5 days (Figure 4.14D).
Moreover, there was a change of the film morphology within 8 and 16 days after
reaction. The PdNPs, which connected together, changed from spherical shape
(Figure 4.14D) to a shape with more edge and corner (Figure 4.14E and 4.14F). The
particle size also increased from 100 (Figure 4.14D) nm to 300 (Figure 4.14D) and
400 (Figure 4.14F) nm, respectively.

Figure 4.14 (A-F) SEM micrographs revealing evolution of Pd film formation at air-

water interface.

The UV-vis spectra of supernatant were collected to study the formation
of Pd film. As mentioned in the experimental section that the formation of Pd film at
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air-water interface occurred only when a high concentration (5,000 ppm) of PdCI%
was employed for the synthesis of PANPs by using acidic then alkaline-treated sucrose
as a reducing agent. Therefore, the major factor for the formation of Pd film is the
concentration of used PdCI; . As found that Pd film evolved from the self-assembly
of PANPs. However, the PANPs was precipitated down after finished the reaction as
there was no UV-vis absorption in the 300 nm to 700 nm region. Therefore, PANPs
which assembled to palladium film should come from the reduction of PdCI:~ which
remained in the solution. The time-dependent investigation by UV-vis spectroscopy
could be used to prove this assumption. The decrease of UV-vis absorption peak at

420 nm, which is the characteristic of PdCI  [41], indicates the consumption of
PACI:~ (Figure 4.15). Although the reaction was finished by stopping heating and

stirring, the reduction of PdCIZ still occurred under ambient condition. PdCIZ~ was

reduced to PANPs which then migrated to the air-water interface by the Brownian
motion. The particles entrapped by the surface tension of air-water interface and
aggregated together into film [42, 43]. Moreover, the nanoparticles, which aggregated
into film, also acted as nucleation sites for the further growth resulted into a more

complex film surface.

05F
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500 600
Wavelength (nm)

0.0 1
300 400

Figure 4.15 UV-vis spectra revealing the decrease of PdCI>~ absorbance in 6 days

after stopping the reaction.
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4.2.3 The crystal structure of palladium film

The XRD pattern (Figure 4.16) of Pd film exhibits diffraction peak (20) at
40.1°, 46.6°, 68.1°, and 82.1° assigned to (111), (200), (220), and (311) lattice planes,
respectively. This XRD result informs the fcc crystal structure [35, 36].
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Figure 4.16 XRD pattern of Pd film.

4.3 Flowerlike palladium microstructures synthesized by using

hydrogen peroxide as a sole reducing agent

4.3.1 Formation of flowerlike palladium microstructures

Figure 4.17 Optical images depicting the evolution of FPduSTs synthesizing by
mixing 5.64 mM PdCI; solution with 30% HP. The particle evolution

was monitored through the scattering of a green laser pointer.
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As shown in Figure 4.17, FPduSTs were simply produced by mixing a yellow
solution of PdCI;” and a colorless HP. The mixture immediately turned yellow-

orange. A burst of large number of small bubbles occurred within 30 s after mixing.
After the collapse of the bubbles, the solution gradually turned black indicating a
formation of Pd-black particles. During the course of reaction, the development of
particles was monitored via a light scattering of a green laser pointer. An onset of the
Tyndall’s effect suggests that particles formed after the collapse of the bubbles (Figure
4.17E). SEM micrographs revealed uniform and well-separated FPduSTs with an
approximate particle size of 2 um (Figure 4.18). The corresponding energy dispersive
X-ray (EDX) spectrum (Figure 4.18C) indicated that FPduSTs were dominantly
composed of Pd metal. The carbon (C) element in the EDX-spectrum originated from

the employed carbon tape substrate.
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Figure 4.18 SEM micrographs of FPduSTs at (A) lower and (B) higher magnifications
and (C) EDX spectrum.
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Although HP is known as a powerful oxidizing agent, it can function as a

reducing agent under an acidic condition [44] (equations 4.1 and 4.2). The formation
of FPduSTs is due to the reduction of PdCI>~ by HP into PdNPs. Since there was no

surfactant or capping agent employed under an excess HP environment, the PdNPs
undergo self-seeding for aggregation and epitaxial growth into FPduSTs. A rapid
reduction and a concomitantly structural transformation were realized by the sudden

burst of small O, bubbles.

H,0O, —— 2H'+ O, + 2¢e (41)
PdCI> +2¢¢ ——— Pd’+4CI (4.2)

4.3.2 Effect from the concentration of PdCIZ~ and hydrogen peroxide

Figure 4.19 SEM micrographs of PdNPs and FPduSTs synthesized using 15% HP
with PdCIZ concentration of (A) 100, (B) 300, (C) 500, and

(D) 1000 ppm.

According to our study, adjusting concentrations of PdCI;~ and HP could

control the particle morphology. Increasing the concentration of PdCI;~ from 300 to

500 and 1000 ppm (at a constant HP concentration of 15%) increased the size of
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FPAuUSTSs from 1, to 3 and 5 um, respectively. Moreover, complexity of the obtained
FPduSTs was also increased (Figure 4.19). This could be explained by a larger metal

supply and a greater rate of crystal growth as the concentration of PdCI>™ increased. It

should be noted that at a low PdCI; concentration of 100 ppm, the metal ion supply

[18, 34] was too low to induce the formation of the flowerliked microstructure. As a
result, spherical PANPs with an average particle size of 100 nm were obtained
(Figure 4.19A).
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Figure 4.20 SEM micrographs of FPduSTs synthesized using 400 ppm PdCI%~ with
HP concentration of (A) 5, (B) 15, (C) 25, and (D) 35 %.

On the other hand, increasing the concentration of HP from 5 to 35% (at a
constant PdCI;~ concentration 400 ppm) reduced the particle size of FPduSTs from 5

um to 500 nm as well as diminished the complexity of the flowerlike structures
(Figure 4.20). The FPduSTs synthesized by 5% HP had an average particle size of 3
um. When the concentration of HP was increased to 15, 25, and 35%, the particle size
reduced to 2, 1, and 1 pum, respectively, with noticeable reduced complexity. It should
be noted that the complexity of the FPduSTs synthesized with 35% HP was
diminished to almost quasi-spherical particles with smooth surfaces. The decrease of
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particle size and complexity were due to a greater nucleation rate at high HP
concentration [23, 45, and 46].

4.3.3 The time-dependent shape evolution of flowerlike palladium

microstructures
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Figure 4.21 (A - E) SEM and (F - J) TEM images revealing evolution of FPduSTs and
the formation of FPduSTs from PdNPs.

The time-dependent investigation of FPduSTs formation reveals that the
FPduSTs evolved from the assembly of small spherical PANPs with an average
particle size of 3 nm, as investigated by SEM and TEM (Figure 4.21). Initially, the
nano-sized Pd particles were generated via nucleation and growth of Pd atoms from

the reduction of PdCI: by HP. Since there was no stabilizer or capping agent

employed, the primary PdNPs self-aggregated into secondary particles (Figure 4.21
Al) because of the lack of stabilizing property. The secondary particles were further
growth into PduSTs with the hexagonal bi-pyramid shape (Figure 4.21 B1 and 4.21
C1) and finally growth into FPduSTs (Figure 4.21 D1 and 4.21 E1). Furthermore,
TEM images show the intrinsic particle size (3 nm) of primary PdNPs (Figure 4.21
A2) and also reveal the increase of primary particle size from 3 to 5 (Figure 4.21 B2)
and to 7 (Figure 4.21 C2) nm, respectively. TEM analysis also confirms the further
growth of secondary particles (aggregated primary particles) into PduSTs with the
hexagonal bi-pyramid shape (Figure 4.21 D2) and FPduSTs (Figure 4.21 E2). From
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this investigation, a possible formation mechanism of FPduSTs was proposed as
shown in Figure 4.22. 1t is clear that how the primary PANPs were produced and then
aggregated into secondary PANPs. However, it is still doubtful that how the secondary
PdNPs are growth into PduSTs with the hexagonal bi-pyramid shape and finally
growth into FPduSTs. As mentioned previously that there were no stabilizer or
capping agent employed to dictate the growth of PdNPs. In this case, one possible
explanation is regarding the strain relief which aggregated nanoparticles further
growth by filling the space of the aggregated structure [30, 47]. This is also known as

a surface-energy minimization process. The evidence that supports this explanation is
the SEM micrographs of PdNPs synthesized at low concentration of PdCI;~ (100

ppm). As presented previously that spherical PANPs with an average particle size of
100 nm were obtained (Figure 4.19A) because the metal ion supply was too low to
induce the formation of the flowerliked microstructures. However, some minor
microstructures were produced besides spherical shape. These microstructures are the
uncompleted growth of hexagonal bi-pyramid shape. The amount of Pd atom addition
was not enough to fulfill the space of an aggregated structure. Thus, the groves
remained on the crystal facets. Examples of some uncompleted growth
microstructures, which could be used to explain the strain relief growth of
microstructures, were shown in SEM micrographs (Figure 4.23). The microstructures
with deep groves (Figure 4.23A) suppose to be the structure in the early stage of
growth. In the middle stage of growth, the groves become shallower and the particle
size increased from 2 to 3 um (Figure 4.23B). The microstructures in the last stage of
growth (Figure 4.23C) have the shape which is closed to the hexagonal bi-pyramid
shape. In addition, Figure 4.23D confirms the evolution of microstructures by
aggregation and then growth of spherical PANPs. Although it is clear that FPduSTs are
produced by the aggregation of PANPs and then growth by the strain relief, further
investigation should be made in order to gain insight understanding about the growth

mechanism.
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Figure 4.22 The schematic diagram illustrates the formation mechanism of FPduSTSs.

Figure 4.23 (A - D) SEM micrographs of PduSTs (minor structures) synthesized by
using 15% HP and 100 ppm of PdCI%".
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4.3.4 The crystal structure of flowerlike palladium microstructures

The TEM image (Figure 4.24A) shows FPduSTs with the size
approximately 1.5 um. The corresponding electron diffraction pattern (Figure 4.24B)
reveals diffused rings assigned to (111), (200), (220), and (311) lattice planes
corresponding to the face-centered cubic (fcc) crystal [34]. The XRD pattern (Figure
4.24C) with diffraction peaks (20) of 40.0°, 46.6°, 68.0°, and 82.1° confirms the fcc
crystal structure [35, 36].
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Figure 4.24 (A) TEM image, (B) electron diffraction pattern, and (C) XRD pattern of
FPAuSTSs.



CHAPTER V

CONCLUSIONS

A novel and environmental-friendly approach for the synthesis of high-
concentration PANPs was developed. Sucrose was used as a reducing agent for the

reduction of PdCI?" to PdNPs. Alkaline treatment is an important factor for the

generation of sucrose reducing property especially when sucrose was pre-treated
under acidic condition. Spherical PANPs with particle size of 10 to 100 nm were
obtained. This approach can be scaled-up for the production of high-concentration
PdNPs for industrial use with a highly competitive price.

Pd film at air-water interface was prepared by self-assembly of PdNPs
synthesized by using acidic then alkaline-treated sucrose as reducing agent. The time-
dependent investigation of the Pd film formation reveals that the Pd film evolves from
the self-assembly of spherical PANPs with the particle size in the range of 50 to 100

nm. PdCI;~ was reduced to PANPs which then migrated to the air-water interface by

the Brownian motion. The particles entrapped by the surface tension of air-water
interface and aggregated together into film. Moreover, the nanoparticles, which
aggregated into film, also acted as nucleation sites for the further growth resulted into
a more complex film surface. The obtained Pd film has a potential to be applied as
sensor and surface-enhanced Raman substrate.

FPAuSTs were synthesized by a novel and environmental-friendly approach.
Hydrogen peroxide was used as a reducing agent for the reduction of PdCI: .
FPduSTs with particle size in the range of 1 - 5 um were obtained. The time-
dependent investigation the FPduSTs formation reveals that the FPduSTs evolved
from the assembly of small spherical PANPs with an average particle size of 3 nm.

The nano-sized Pd particles were generated via nucleation and growth of Pd atoms
from the reduction of PdCI; . The primary particles self-aggregated into secondary

particles because of the lack of stabilizing property. The secondary particles were
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further growth into PduSTs with the hexagonal bi-pyramid shape and finally growth
into FPduSTs. The obtained microstructures are expected to express high catalytic
activity since their surfaces were naked.

In conclusion, this research is fulfilled the research objective.
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