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ABSTRACT

Abstract

The purpose of this study was to develop a high performance-lower cost catalyst
to be applied in Direct Methanol Fuel Cells (DMFC). The study also aimed to
prepare plurimetallic supported platinum (Pt), platinum-ruthenium (PtRu),
platinum-ruthenium-vanadium (PtRuV) and platinum ruthenium-vanadium-iron
(PtRuVFe) upon multi-walled carbon nanotube (MWCNT) as well as upon multi-
walled carbon nanotube-titanium oxide (MWCNT/TiO2) supports. Platinum is
very active but prone to poisoning by carbon monoxide (CO), which may be
present in the fuel used in fuel cells. The focus on the use of methanol was
because of its better reaction Kinetics,-and. better performance in direct methanol
fuel cells (DMFC) better than proton_exchange membrane fuel cell (PEMFC).
When Pt is alloyed with another platinum group metals (PGM) the alloying
decreases the over-potential for reactions.critical in the fuel cells. Proton exchange
membrane fuel cell (PEMFC) performance may be improved at low metal
loading, when supported pluri-metallic catalysts are applied since the trimetallic
catalysts may promote high catalyst utilisation. In practice, DMFC require
electrodes with a Pt loading to achieve acceptance fuel cell (FC) power
performance. The aim of this study was therefore the reduction of the catalyst
loading through further improvement of mass activity of Pt based catalysts by
partial substitution of the noble metal/metals, and the use of a carbon support that
will provide high surface area, good electrical conductivity and high stability.
MWCNT supported pluri-metallic (PtRuVFe,) and bimetallic (PtRu)
nanoparticles possessed characteristic of increased surface area, improved
electron transfer rate, enhance electro-catalytic activity and promoted stability.
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Chemical vapour deposition (CVD) that was used in this study showed
advantages such as being a simple, fast synthesis method and not using reducing
agents or acids. The different supports that were characterised initially in this
study were activated carbon and MWCNT. The commercial platinum/carbon
catalyst from Johnson Matthey [(JM) Pt/C] was used as the reference. These
supports and commercial platinum carbon (Pt/C) were all characterised using
HRTEM, HRSEM and XRD initially. Various loadings of platinum group metals
(PGM) /noble metals deposited on MWCNT and MWCNT/TiO2 supports were
synthesised via the chemical vapour deposition (CVD) method. The variations of
PYMWCNT and PYMWCNT/TiO2 ratio-with different loading percentages were
investigated. This was done to improve catalytic performance. Furthermore, pluri-
metallic materials were prepared in a single step by CVD, which allowed a very
fast and economic combination . of . PtRU/MWCNT, platinum-ruthenium-
vanadium/multi-walled carbonnanotube (PtRuV/MWCNT), Platinum-Ruthenium-
Vanadium-Iron/multi-walled carbonnanotube (PtRuVFe/MWCNT), platinum-
ruthenium-/multi-walled-carbonnanotube/titanium(PtRu/MWCNT/TIO2) and
platinum-rutheniumvanadium/multi-walled-carbonnanotube/titanium

(PtRUV/MWCNT/TIO2). The prepared catalysts were characterised by techniques
such as high resolution transmission electron microscopy (HRTEM), high
resolution scanning electron microscopy (HRSEM), X-ray diffraction (XRD) and
fourier transforms infrared (FTIR). The electro-catalytic activity was investigated
to find their activity for methanol oxidation. This was investigated by using cyclic
voltammetry (CV). The platinum dispersion was determined by HRTEM,
HRSEM, XRD and FTIR, which confirmed that electrostatically stabilised face



ABSTRACT

centered cubic (fcc) platinum nano-spheres were present, as well as some
agglomeration that was observed. Crystallinity increased in XRD spectra with an
increasing metal load when titanium oxide was loaded on MWCNT with the
noble metals. HRSEM results demonstrated the distribution of nanoparticles upon
the MWCNTs. The commercial catalyst Pt/C used as a reference, showed
agglomeration when compared with PtYMWCNT on HRTEM and HRSEM
images. Optimising the activity of platinum based electro-catalysts has been
achieved in this study through the formation of pluri-metallic alloys such as
PtRuFeV and bi-metallic alloy such as PtRu for anodic methanol oxygen reaction
(MOR). Metal oxide (TiOz) that was used on this study as a support has also
improved the catalytic activity of platinum based catalysts for MOR. 30%PtRuV-
MWCNT/TiO2 gave the highest activity and was the best catalyst. This was due to
its suitable surface properties- as-a promoter of the methanol electro-oxidation

reaction when combined with Pt/MWCNT.
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CHAPTER ONE
1 INTRODUCTION
1.1 Background

Platinum group metals (PGM) were discovered in June 1919 in South Africa, in
the East Rand. The discovery of platinum quartz bodies in Naboomspruit led to
the opening of the first platinum mine in 1924. Platinum group metals (PGM)
refer to six metallic elements known as ruthenium, rhodium, palladium, osmium,
iridium and platinum. Their physical properties are similar and these metals tend
to occur in the same mineral deposits. The platinum metals have outstanding
catalytic properties, high temperature characteristics and stable electrical
properties (Nogxina et al., 2003). Platinum based electro-catalysts are used for
catalysing the oxygen reduction and methanol oxidation reaction in Direct
Methanol Fuel Cells (DMFC). The high cost, fow availability of platinum and
irreversible inactivation of the catalysts by CO-like poisoning species, hinders the

commercialisation of DMFCs (Wang et al., 2012).

Platinum plays an important role in different forms. Due to the increase of the
price of platinum, the ways to reduce the amount of platinum used in a specific
application has to be investigated. This can be done by increasing its catalytic
activity in order to lower the overall cost (Chen et al., 2008). These authors also
mentioned that the demand of platinum has grown whilst its price increased four
times, compare to the decline demand of ruthenium (Ru) due to lower net

purchase of Ru (David Jollie, 2008). The literature shows that platinum catalysts
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have been extensively studied for the electro-oxidation of fuels such as methanol
and ethanol.
1.2 Rationale and motivation

Against the background of environmental needs for cleaner air, it has become
necessary to overcome an increase in environmental problems, by development of
clean fuel technology for power generation. Human health is compromised daily
due to air pollution. In addition, polluted air affects both biotic and abiotic factors
in the environment for instance animals, plants and water creating a variety of
complications. The coal industry and vehicle emissions play a huge role in
polluting the atmosphere by generating toxic gases that later end up in the
environment. The core of the problem is the change from a society that derives
energy from fossil fuel by means of the internal combustion technology such as
fuel cells, and fuels preferably from renewable source and/or fuels that have low
carbon and hydrogen ratio to-minimize the carbon fast print energy, drastic
reduction of carbon dioxide emission per kWh generated. In order to reduce the
amount of air pollution, industries have been attempting to use methods that are
more economically friendly.

Particle size plays an important role in catalysis for renewable energy systems.
Heterogeneous catalysis refers to the form of catalysis where the phase of the catalyst
differs from that of the reactants. The great majority of practical heterogeneous
catalysts are solids and the great majority reactants are gases or liquids.
Heterogeneous catalysis is of paramount importance in many areas of the

chemical and energy industries.
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A heterogeneous catalyst is a composite material, characterised by, the relative
amounts of different model supported catalysts and their properties for studies in
fundamental catalysis. (Campanati, et al., 2003).
Thus, the smaller the size of the material, the more effective it becomes for
catalytic activity. If the particle size could decrease, it would result in a higher
surface area and thus more effective catalytic processes in renewable energy
systems, better production and a decrease in cost. The alloying of PGM metals
with less costly metals would be a great advantage (Naidoo et al., 2012). Since
platinum is costly, when alloyed with another metal it could reduce the amount of
platinum used without compromising the quality of the product. It is therefore
important to investigate nanostructured. pluri-metallic PGM catalysts for activity
and resistance to poisoning. Fabricated materials that are on the nano-scale can
achieve properties that could not be found in their macroscopic counterparts
(Sample and Charles, 2012).. Titanium.oxide (TiO2) is a potential promoter of
electro-catalytic activity as was reported by Naidoo et al., (2012).

1.3 Problem statement
Nakashima et al., (2006) and Academia Romana (2004), reported that Pt-Ru alloy
was the best electro-catalyst for use in solid polymer electrolyte fuel cells and
direct methanol fuel cells. Both metals are so expensive that their use has to be
limited which is a current problem. For a fuel cell to become more cost effective,
the cost of an adequately active catalyst should come down. The current problem is
that the surface utilization of the catalyst materials with the appropriate activity is too

low.
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1.4 Aim of the research
The aim of this research was to prepare a supported, high surface area, pluri-
metallic carbon or TiOz supported nano-composite electro-catalyst with high
activity for methanol oxidation. Alloying platinum with less expensive
transitional metals is useful for cost reduction of electro-catalysts. Nakashima et
al., (2006) and Sharma et al., (2010) reported that platinum based alloys showed
high catalytic activity for methanol oxidation and high CO tolerance. The research
objectives are highlighted in Section 1.5.

1.5 Research objectives
The investigations of this study are therefore to:

e Develop pluri-metallic  electro-catalysts composed of platinum (Pt),
ruthenium (Ru), iron (Fe), and vanadium (V) supported on carbon
nanotubes (CNT).

o Develop pluri-metallic electro-catalysts supported on MWCNTS/TiOo.

e Find the metal alloy that will be most effective to decrease the amount of
Platinum to achieve economically feasible electro-catalysts for fuel cell
application.

1.6 Research questions
The research questions of the study are as follows:

e Will TiO2 coated carbon nanotube show improved characteristics as a

catalyst support?

e Which pluri-metallic catalyst can be prepared without agglomeration?
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e What type of nonprecious metal can be used to substitute a part of
platinum component without compromising the quality of the electro-
catalyst?

e Can the electrochemical activity be improved by adding another metal(s)
ie pluri-metallic system?

e Will the substitution of platinum with other metals reduce the activity of
platinum catalysts?

e What composition could be considered as the optimum?

e Will pluri-metallic platinum alloy be stable upon a TiO2 coated carbon
nanotube substrate?

e Will the synthesised materials-compare with or outperform a reference

commercial Johnson Matthey (JM) in electro-catalytic activity?

1.7 Research Hypothesis
An optimum composition of pluri-metallic nano-size alloy containing platinum

supported on TiO2/CNT will result in a highly active, stable electro-catalyst.

1.8 Research approach
The chemical vapour deposition procedure was used for the synthesis of nano-
materials. The use of Pt(acac). and depositing of platinum nano-particles onto
CNT were done under high temperature and a CVD method. Various masses of
multi-walled carbon nanotube as a support and titanium oxide as promoter were
calculated and weighed separately. Individual metal-acetylacetonate with different

masses was quantified. Each catalyst precursor was mixed with multi-walled

5
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carbon nanotubes and ground with pestle and mortar for the composition to be
homogeneous. The heat treatment of the mixture was done at 400 °C at different
time frames before being allowed to cool.
The catalysts were characterised by high-resolution transmission electron
microscopy (HRTEM), High resolution scanning microscopy (HRSEM), X-ray
diffraction (XRD), cyclic voltammetry (CV) and Fourier transform infrared
(FTIR).

1.9 Scope of the research
In this research the nano-structured catalyst was prepared and characterised by
physical, chemical and electrochemical techniques. The JM catalysts were used as
a standard or baseline in order to.compare the methanol oxidation activities of the
electro-catalysts. The main focus in this research was to reduce the use of PGM
for the electro-catalyst, to try and improve functionality of the catalyst by
platinum alloying, and by applying the:nano-phase catalyst for methanol oxidation
in order to achieve high electrochemical activity at a low metal loading. Only one
method namely chemical vapour deposition (CVD) was used for the preparation
of nanoparticles. TiO2 was deposited upon MWCNT as a support. The following
metals were used as catalysts; platinum, ruthenium, vanadium, iron. Various
catalyst loadings of 10%, 20%, and 30%, of metal loading were explored.
The dispersion of platinum nano-particles on the carbon nanotubes (CNT) was
investigated. The nanostructure catalysts were characterised by physical chemical
and electrochemical techniques. The methanol oxidation activities of the electro-
catalysts were compared with JM standards. The electro-catalytic activity of

selected catalysts was characterised by cyclic voltammetry.
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1.10 Limitations
This study was limited to specified metals, loadings and supports that were used.
1.11 Outline of the research
This study is divided into five chapters and brief overviews of these chapters are
presented below:
Chapter 2: presents an overview of the relevant literature including synthesis
approaches and characterisation techniques. Theoretical overview and background
information relevant to the research is presented.
Chapter 3: specifies the materials and the methods that were used with suppliers,
and details of each experiment that was performed. Analytical techniques that
were used to characterise when testing catalysts are described; such as XRD,
HRSEM, EDS, HRTEM, FTIR and CV.
Chapter 4: presents the results obtained during synthesis of platinum group metal
catalyst with different compositions and. discusses the results that were obtained
from characterisation and testing of the prepared nano-particulate electro-catalysts
compared to the baseline commercial catalyst.
Chapter 5: presents the final conclusion of the study and recommendations, as
well as answering the research questions.
Chapter 6: covers the list of all the journals, books, websites that were consulted

to conduct the literature review.
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CHAPTER TWO
2 LITERATURE REVIEW
2.1 Introduction
This chapter presents the review of studies previously carried out on nanotechnology, catalysts, and
supports for electro-catalysts, carbon-nanotubes properties and instrumentation that is used for

characterisation.

2.2 Nanotechnology
Chellaram et al., (2014) defines nanotechnology as the manipulation of matter at an atomic and
molecular scale. It is also explained as the control-of matter-at an atomic and molecular scale with at
least one characteristic dimension measuredin-nano-meters, ranging from 1 to 100 nm in scale.
Nanotechnology is defined as those materials with constituent dimensions less than 100 nm (Zhang
et al., 2008). The role that nanotechnology can play in'society is being investigated by the scientific
community. This was due to the first proposed seminal idea for the development of molecular
machines, in 1959 by a Nobel award winner Richard Feynman (Zhang et al., 2008). Nano-meter-
sized metal particles continue to attract interest because of their unique physical and chemical

properties and the importance of these materials as catalysts (Nashner et al., 1997).

The application of nanotechnology has been spreading to various sectors such as, agricultural,
environmental and industrial sectors. Applications of nanomaterials are ranging from fabrication of
molecular assemblers to microbial array chips. Nano-technology has touched many spheres of
utility services; including consumer products, health care, transportation, energy and agriculture

(Brar et al., 2010). Nano-materials exhibit superior mechanical, electrical, optical, catalytic and
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magnetic properties when compared to conventional (or micron structured) materials (Zhang et al.,
2008). The unique characteristics of nanoparticles are considered to be dependent on their sizes and

shapes.

2.3 Catalysis
Catalysis is the change in rate of a chemical reaction due to the participation of a substance called a
catalyst. Catalytic activity is defined as the property of a catalytic component measured by its
catalysed rate of conversion of a specified chemical reaction in a specified measurement (Dybkaer,
2002). Lamy et al., (2002) reported that platinum-ruthenium based catalysts have been used for
many decades as active electrode materials-in-the-electro-oxidation of methanol. The different
methods that are used to prepare these catalysts are the colloidal method, the co-impregnation
method, calcination, and reduction method. These methods could be used for preparation of pluri-
metallic platinum based catalysts, in terms . of" particle ‘'size distribution, control of atomic

composition and interaction with supporting materials.

Different methods of synthesis for carbon-supported platinum catalysts have been studied by
Schlange et al., (2011). In their study it was also mentioned that the catalyst preparation method
influences the nobel metal cluster size and its dispersion on the carbon and the electro-catalytic
activity. Schlange et al., (2011) stated that three methods used in their report were impregnation,
micro emulsion, and colloidal method. Moreover, CVD has been used by Naidoo et al., (2012) in
their study of the influence of carbon based supports and the role of synthesis procedures on the
formation of platinum and platinum-ruthenium clusters and nanoparticles for the development of

highly active fuel cells. CVD was used to prepare various catalysts and synthesizing highly



CHAPTER TWO: LITERATURE
REVIEW

dispersed Pt and PtRu nanoparticles and nano-clusters supported on carbon nanomaterials (Naidoo

etal., 2012).

2.3.1 Impregnation method
The impregnation method is based on the impregnation of the platinum precursor salt on carbon
material followed by reduction with a suitable reducing agent sodium borohydride, hydrazine
(NaBH4, N2Ha4) or under a gaseous reducing environment hydrogen (Hz). The main advantage of
this method is its simplicity in execution (Sign et al., 2014). Yaldagard et al., (2013) reported the
use of the impregnation method in their research on carbonaceous nanostructured support materials
for low temperature fuel cell electro-catalysts. They -mentioned that the drawbacks of this technique
are related to using liquid media that cause a higher degree of agglomeration of particles in solution.
Sign et al., (2014) also mentioned that the impregnation method usually produces nanoparticles
(NPs) with large average particle sizes ‘and broad size  distributions. Matsumoto et al., (2004)
synthesised platinum nanoparticles supported on CNTs using two Pt precursors. The two precursors
that were used were HzPtCls and KzPtCla. In their research a commercial carbon black supported
Pt(Pt-CB) electro-catalyst was used as a control to compare the electrode’s performance. They

observed some agglomeration on KPt-CNT and Pt was well dispersed on the HPt-CNT.

2.3.2 Micro-emulsion method
The micro-emulsion method is based on water oil systems where surfactant molecules are used for
stabilisation of nanoparticles (Malik et al., 2012). The advantage is that it allows for better control
of the nanoparticle size and distribution compared to the impregnation method. The disadvantage is

high cost of the used surfactants and the time consuming removal at the completion of the process,
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thus hindering its use in large scale production. Tojo et al., (2011) reported surfactant effects on
micro emulsion based nanoparticle synthesis and Malik et al., (2012) studied a route to synthesise

organic and inorganic nanomaterials.

2.3.3 Colloidal method
The colloidal method is based on adsorption of platinum colloids on the surface of the carbon
support material followed by the chemical reduction step. The colloidal method consists of three
steps, namely; preparation of Pt-metal colloids, deposition of the colloids onto the carbon support
and chemical reduction of the suspension (Liu et al., 2006). Sign et al., (2014) used this method as
preparation route for Pt-based catalysts. Sign-et-al.;(2014).also mentioned that the colloidal route
produces well-homogenised ultrafine Pt electro-catalysts; however, the complexity of the latter
hinders its utilisation. Li et al., (2004) used the surfactant 3-(N,N-dimethyldodecylammonio)
propanesulfonate (SB12) as a stabiliser to prepare Pt nanoparticles supported on the functionalised
CNTs by methanol reduction of chloroplatinic acid (HzPtCls). Uniform Pt nano- particles of an
average size of 2.2 nm that were well dispersed on the external walls of the CNTs were observed.
Though the colloidal method can provide a narrow size distribution of metal nanoparticles, the
problem is the presence of a protecting agent, which can be difficult to remove once the particles

are adsorbed onto the support and may impede the catalytic performance of the nanoparticles.

2.3.4 Chemical vapour deposition
Chemical vapour deposition (CVD) is known as the deposition of a solid from a gas or a mixture of
gases through a heterogeneous chemical reaction. This reaction takes place at the interface of a gas-

solid substrate and, depending on the deposition conditions; the growth process can be controlled

11
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either by diffusion or surface kinetics. CVD is the best known technique for high yield and low
impurity production of carbon nanotubes at a moderate temperature. CVD processes seem to offer
the best chance to obtain a controllable process for the selective production of nanotubes with
predefined properties (Smalley et al., 1996). Naidoo et al., (2012) reported that CVD is a simple but
effective solvent free method for the synthesis of platinum group metal nanoparticles on carbon

nanotubes.

2.3.5 Carbon materials as support for electro-catalyst
Carbon materials are usually used for electro-catalyst supports with an aim of maximising the
specific surface area to achieve a greater dispersion-of the-active phase. In heterogeneous catalysts,
the active phase is deposited on a support material which'is catalytically inert (Bailon-Garcia et al.
2013). Various types of supports will be discussed in the next section namely; activated carbon,

carbon nanotubes and titanium oxide.

2.3.6 Activated Carbons
Activated carbon is made of an organic material that contains high carbon content like coal, wood,
peat or coconut shells. The carbon based material is converted to activated carbon by thermal
decomposition in a furnace using a controlled atmosphere and heat. The product consists of a large
surface area per unit volume, and a network of sub-microscopic pores where adsorption takes place.
Beside physical adsorption, chemical reactions can also occur on a carbon surface (Eltom et al.,

2012).

12
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Activated carbon can be characterised by its physical and activity properties. Important physical
properties are surface area, product density, mesh size, abrasion resistance and ash content. The
pore size distribution is measured through adsorption of gases and liquids under pressure. The
availability of pore volume of a carbon over three pore size regions is then defined. The micropore
region, which is less than 20 Angstroms in size, secondly the mesopore region between 20-50
Angstroms, and thirdly the macroporous region up to 1000 Angstroms. These materials do not
present any electronic effect (Bailon-Garcia et al., 2013). Activated carbon has also been used by
Eltom et al., (2012) in their study of production and characterisation of activated carbon
membranes. Their study showed that the specific surface area and apparent porosity are reasonable
considering that the volumetric fraction of- the pores-which.is needed for adequate permeability is
between 40-75%.
2.3.7 Carbon nanotubes

Carbon nanotubes were discovered in 1991 by Sumio ljima in his study of arc-discharge products.
Nanotubes are defined as giant fullerene molecules made of sheets of carbon atoms, arranged in a
cylindrical shape. They are divided into two different types, namely a single sheet of carbon atoms
which is equal to the single walled nanotube and multiple sheets of carbon atoms that are multi-
walled nanotubes (Ahmad et al., 2012). He et al, (2013) classified carbon nanotubes as either a
single walled or multi-walled layer of graphite in the form of tubes. Multi-walled carbon nanotubes
(MWCNTS) can be considered as a collection of concentric SWCNTs which consist of multiple
layers of graphite rolled in on them to form a tube shape with different diameters (Ahmad et al.,
2012). Carbon nanotubes have aroused interest because of their unique physiochemical properties

(Xu et al., 2010).
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Jang and Ma (2012) made a comparison of carbon-nanotubes (CNT) with activated carbon as a
support. These authors stated that meso-porosity must be between (2-50 nm) in order to improve
mass transfer. These substances should have high purity in order to avoid self-poisoning, and be a
consistent material to achieve its high mechanical and thermal stability. Challenges were as
follows: controlling surface chemistry of CNTSs, functionalisation of CNTSs; increasing mechanical
strength of CNT when aggregated, preparation of rigid porous CNT granules; maintaining the

unique properties of CNTSs, especially the mesoporosity.

2.3.7.1 Properties of carbon nanotubes

Mechanical properties: Carbon nanotubes-are the strongest and the stiffest material with tensile
strength and a good elastic modulus. The elastic:modulus is from the covalent sp? bond formed
between the individual carbon atoms. Therefore, CNTs are expected to be extremely strong along
their axes because of their C-C bond. The high value of elastic modulus makes it suitable for
application as probe tips for scanning microscopy (Varshney, 2014). When it comes to MWCNTSs
the outer graphitic cell can support stress when the tubes are dispersed in epoxy matrix and for
single wall nanotube bundles (also known as ropes), it has been demonstrated that shearing effects
due to the weak inter tube cohesion gives significantly reduced moduli compared to individual tubes
(Harris, 1999).

Electrical Properties: A single graphite sheet has properties intermediate between semiconductor
and metals. When a graphite sheet has been rolled into nanotubes, not only do the carbon atoms
have to line up around the circumference of the tube, but the quantum mechanical wave functions of
the electrode must match up. (Varshney, 2014). Metallic nanotubes can carry an electrical current

density of 4 x 109 A/cm? which is more than 1,000 times greater than metals such as copper (Dai et
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al., 2006). Electrical transport inside the CNTSs is affected by scattering by defects and by lattice
vibrations that lead to resistance, similar to that in bulk materials (Bandaru, 2007)

Thermal properties: Varshney, (2014) has mentioned that the thermal expansion of CNTs will be
largely isotropic, which is different from the conventional graphite fibres, which are strongly
anisotropic. This may be beneficial for carbon-carbon composites. It is expected that low-defect
CNTs will have very low coefficients of thermal expansion. All nanotubes are expected to be very
good thermal conductors along the tube, exhibiting a property known as "ballistic conduction," but
good insulators laterally to the tube axis. The temperature stability of carbon nanotubes is estimated
to be up to 2800 °C in vacuum and about 750 °C in air (Pop et al., 2006).

Chemical properties: Chemical reactivity of CNT is-enhanced, compared with a graphene sheet, as a
direct result of the curvature of the CNT surface. This curvature causes the mixing of the pie and
sigma orbital which leads to the hybridisation of ‘the orbitals (Varshney, 2014). The degree of
hybridisation becomes larger as the diameter of a SWNT ‘gets smaller. Hence, carbon nanotube
reactivity is directly related to the m-orbital mismatch caused by an increased curvature. A
distinction must be made between the sidewall and the end caps of a nanotube. For the same reason,
a smaller nanotube diameter results in increased reactivity (Stahl et al., 2000).

2.3.7.2 Types of carbon nanotubes:

Since the discovery of CNT they have attracted a great interest from both a fundamental as well as
an applied point of view. A single walled carbon nanotube (SWCNT) consists of a single graphene
cylinder whereas a multi walled carbon nanotube (MWCNT) comprises of several concentric
graphene cylinders. Carbon nanotubes with long aspect ratio are ideal one dimensional
nanomaterial, suitable for being used as a carrier to load functional nanoparticles (Xu et al., 2010).

CNT are also considered as rolled graphene sheets with a co-axis and with fewer dangling bonds
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and defects than carbon black. Carbon nanotubes are formed due to the bonding characteristic of the

carbon atoms. CNT is an allotrope of carbon.

Figure 2.1: Multi-walled carbon-nanotubes diagram (Ganesh, 2013).

Kim et al., (2010) mentioned that nanoparticles deposited on carbon nanotubes are important due to
their potential applications as the electrode system of solar cell devices. In order to prepare carbon
nanotubes composites where nanoparticles are well distributed, the carbon nanotubes should be
prepared prior to the composite preparation (Kim et al., 2010). Su et al., (2000) investigated a
scalable CVD method for the synthesis of single-walled carbon nanotubes with high catalyst
productivity characteristics of high agglomeration caused by strong attractive Van der Waals
interaction among CNT which is a crucial obstacle for many industrial and academic applications.
To overcome this problem, the CNT bundles in their native state should be treated either with
strong acids or some surfactants to improve their solubility and processibility (Kim et al., 2010).
Nanotubes have different forms of structure, namely straight, cork screw, and bamboo (Sinnot et al.,

2001).
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CNT have high mechanical strength and unique electrical properties. These materials are also
considered to be potential supports for heterogeneous catalysts especially in a liquid phase reaction
(Li et al., 2002). Nano composites have been prepared for application in areas of catalysis, lithium
ion batteries, and gas detection. CNT/TiO2 nano composites have attracted much attention because
they combine the favourable properties of both CNT and TiO2 nano crystals (Xu et al., 2010). These
authors also highlighted that the key problem for CNT/nanoparticle composites as functional
materials is the ability to controllably anchor nanoparticles on the surface of CNT.

Carbon nanotubes are used in many active research fields for preparing advanced materials because
of their outstanding mechanical, chemical and electrical properties (Hongbing et al., 2005). Interest
is on-going in the development of CNTs based composites.for the purpose of practical use in the
field of material science (Hongbing et al.;2005). These authors also mentioned that a wide range of
possible composites have been made using single walled carbon nanotubes (SWNTs) or multi-
walled carbon nanotubes (MWNTS) in combination with polymers, metals and ceramics. Carbon
nanotubes are the most researched materials in terms of innovation and application (Petrik et al.,
2009).

CNT materials are considered to be useful as a support in heterogeneous catalysis (Li et al., 2003).
Kim et al., (2010) studied the structural and electrochemical properties of gold deposited on carbon
nanotube composites whereas Li et al., (2003) reported that methanol electro-oxidation was
performed using Pt-Ru alloy nanoparticles supported on carbon nanotubes. According to Petrik et
al., (2009) CNTs have excellent structural properties and extremely interesting physical-chemical
properties, but they remain difficult to exploit. Bucky paper however offers a possible method to

take advantage of CNT’s unique properties and allows ease of manipulation. Wang et al., (2009)
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mentioned that some studies showed that carbon nanotubes were more resistant to electrochemical

oxidation than carbon black.

The physical appearance of a carbon nanotube which is shaped like a tube (Figure 2.2).

Figure 2.2: Multi carbon nanotube without a cap (Ganesh, 2013).

The various nanotube geometries are shown in Figure 2.3. These geometries are named according to

the arrangements of their carbons.
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Figure 2.3: Geometries of nanotubes a) armchair (n,n), b) zig zag (n.0) ,c) chiral (n.m) (Ganesh,
2013).

The above three unique geometries of nano-tubes are also referred to as flavours. They are

classified according to how the carbon sheet is wrapped into the tube (Ganesh 2013).
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2.4  Titanium dioxide (TiO)
TiO2 has been widely studied as a catalyst or catalytic support for photo-electrochemical and
electrochemical oxidation reactions. It is widely used because of its exceptional physicochemical
stability. The morphology and particle size distribution of TiO2 catalysts could be controlled using
simple preparation methods, (Kulesza et al., 2013). According to Gazquez et al., (2014), the
production of pure titanium white which was an anatase form was initially reported in 1923 in
France. The production of white pigments began in early in the early 1930s. Park et al., (2011), and
Chandrasekar et al., (2009) reported that the crystal structure can occur in different polymorphs,
that is; rutile, anatase, brookile and titanium dioxide (B). Anatase and rutile are tetragonal, brookile

is orthorhombic and TiO2 (B) is monoclinie:

Titanium dioxide is also known as titania and is one of the metal oxide semiconductors. TiOz2 is
used in the production of paints, papers, plastics, welding rods, coating material etc, due to its
unique physicochemical properties. TiO2 is used as a semiconductor photo-catalyst and, it is the
most studied photo-catalyst for a number of reasons. Among them is the stability of its chemical
structure with the following properties; biocompatibility, physical, optical and electrical, (Macwan
et al., 2011). Titanium dioxide has some of the following applications; photo-catalysis, sensors,
photo-electrochromic and photovoltaics. Yu et al., (2010) and Chen et al., (2006) reported that TiO2
exhibits superior photo-catalytic activity compares to conventional bulk material because of its high
surface area.

TiO2 which possessed optical and catalytically properties, has attracted a great attention as one of
the most important environmental nanomaterials due to its application in catalysis and

photovoltaics. It has been demonstrated that unique properties of TiO2 were tied in with size,
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crystalline, structure, and morphology (Lei et al., 2008). Hintso et al., (2014) also reported that
silver titania CNT nano-composites were the most effective photo-catalyst for the degradation of
methylene blue. These authors also mentioned that the combination of both Pt and Ru metals
suppressed the photo-catalytic activity of the titania CNT nano-composite. Naidoo et al., (2012)
reported that TiOz2 is a good surface promoter for the catalysts as the added additional TiOz2 resulted
in a smaller PGM particle size and higher particle size dispersion of the PGM catalysts when

compared with the catalysts supported only on CNTSs.

2.5 Platinum Group Metals (PGMs)
Platinum group metals (PGMs) is a term used-to-collectively refer to six metallic elements clustered
together in the periodic table. These elements are found as d-block elements (group 8, 9, and 10, in
periods 5 and 6 and also called transition metals. Pre-Columbian Americans were the first to
encounter naturally occurring platinum and platinum rich-alloys long before it was first referenced
by Europeans in 1557 in the writing of humanist Julius Caesar Scaliger (1484-1558) as a
description of a mysterious metal found in American mines. Platina is the name given by Spaniards
which means little silver. Platinum was regarded as an unwanted impurity in the silver that was

being mined in Columbia, (McDonald. and Hunt, 1982).

2.5.1 Properties of platinum
Platinum is well suited for fine jewelry. PGM metals have outstanding catalytic properties.
Moreover, it is resistant to chemical attack, has excellent high temperature characteristics and stable
electrical properties. Platinum group metals are of special interest due to their economic importance

and chemical ability as catalysts (International atomic energy agency, 2005).
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The first true melting point of platinum using oxygen was established by Lavoisier in 1782. The
refining of platinum was developed by Wollaston and Tennant in 1802. By 1804 other transitional
elements were discovered, but ruthenium was discovered only later in 1844. Techniques of
separation and refining of PGMs, the melting and casting of pure and homogeneous ingots were
founded and perfected by Johnson and Matthey in 1851 (Donald McDonald et al., 1982).

The crystal structure of Pt is face-centered cubic (fcc) and this crystal structure allows it to have
good mechanical and electrical properties. The commonly observed Pt nanocrystals are all single
crystals. Chen et al., (2008) reported that the hexagonal (111) surface of platinum was found to be
five times more active than the square (100) surface for dehydrocyclisation of n-heptane, and also

that the (100) surface was more active than-the (111) surface for isomerisation of isobutene.

Chen et al., (2006) argues that platinum is the best single metal catalyst for methanol oxidation;
however, it is easily poisoned by problematic intermediates such as CO. They also mentioned that
modification of platinum by secondary metals such as Ruz, Sns or Cos has been widely studied in
recent years. Methanol oxidation is performed using a 50:50 ratio of Pt:Ru binary metallic catalyst
as the electro-catalyst (Chen et al., 2006). Neto et al., (2002) described that the introduction of Ru
into Pt-based catalysts enriched the reactivity towards oxidation and moderated the poisoning effect

through formation of meta-stable intermediates.

2.5.2 Metal alloys
Alloys are defined as metals that are composed of more than one element. A metal alloy is defined
as a mixed material that has metallic properties and is made by melting at least one pure metal along

with another pure chemical or metal. Metal alloyed nanoparticles with a core-shell are nanoparticles
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with the shell enriched by one of the metals. Thus it is important to control which metal goes into
the core and which goes into the shell, so that the core-shell particle should be designed with its
desired properties, (Wang et al., 2009). Metal alloys have a wide range of applications as catalysts
for example in fuel cells, batteries, petrochemical transformations, pharmaceautical applications,
and other chemical conversion systems (Wu et al., 2011). These authors used the (gas reducing
agent in liquid solution) GRAILS method which allows for the production of Pt alloy nanocrystals
at a broad composition range without losing control of the shape. Negro et al., (2015) reported that
the sintering of platinum alloys at higher operating temperatures plays an important role in the

decrease of fuel cell performance due to the loss of active surface area.

Electro-catalysts that include binary, ternary-and pluri-metallic compounds have been investigated
in order to promote electro-oxidation reactions (Bai et al., 2007 and Naidoo et al., 2012).
Ruthenium (Ru) is one of the components most used as a second metal of Pt-based binary electro-
catalysts. It can mitigate CO or CO type intermediate accumulation on the catalyst surface and
could lower the potential of oxidation to CO2. The literature also states that the best results for the
oxidation of CO at bimetallic Pt-Ru electro-catalyst have been obtained where the ratio is 1:1
(Lamy et al., 2002; Barczuk et al., 2011). Kulesza et al., (2013) stated in their study that because of
the lower stability of the Ru component, a proper determination of the surface concentrations of the
alloy constituents is very important. Vanadium (V) and iron have been studied as base metal
catalysts for electrochemical oxidation, (Naidoo et al., 2012). Ruthenium as reported in literature
has good mechanical properties (Naidoo et al., 2012; Kulesza et al., 2013; Yaldagard et al., 2013;

Iwasita 2002, Sign et al., 2014). Nashner et al. (1997) investigated platinum-ruthenium bimetallic
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nanoparticles and their experiments showed the formation of bimetallic nanoparticles have a Pt:Ru
composition of 1:5 ratio and an average diameter of ca 1.5 nm that adopted face centred cubic (fcc).
Figure 2.4 shows that the neutral complex PtRusC(CO)is was used in the synthesis of carbon

support Pt-Ru nanoparticles.

H>, 673K

Carbon
Black

PtRusC(CO)1s PtRus]/C

Figure 2.4: Synthesis of carbon supported Pt-Ru nanoparticles (Nasher et al., 1997).

The shape of a metal alloy particle plays an important role in catalytic performance. Wang et al,
(2012) mentioned that, at that moment, PtRu alloy catalysts were still considered as the best binary
catalyst for the methanol oxidation reaction. Nakashima et al. (2006) reported that the Pt-Ru alloy
was the best electro-catalyst for use in solid polymer electrolyte fuel cells and direct methanol fuel
cells. Alloying platinum with less expensive transitional metals is useful for cost reduction of
electro-catalysts. Nakashima et al., (2005) mentioned that it has been reported that platinum based

alloys Pt-Ru, Pt-Fe showed high catalytic activity for methanol oxidation and high CO tolerance.
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2.6 Characterisation technique
The literature review discussion is followed by this section that provides a detailed description of the
techniques that were employed in the characterisation of the electro-catalysts used in this study. These
techniques were used in the investigation of physical-chemical properties of the supported electro-
catalysts. Physical characterisation of the supported catalyst was done using XRD, HRTEM, HRSEM
and EDS for elemental analysis. For electrochemical characterisation CV was employed.
2.6.1 Scanning electron microscopy (SEM/EDS)

Scanning electron microscopy uses an electron probe to scan the image of the sample point by
point. The diameter of the electron probe contributes to the resolution of that image. A smaller
electron beam diameter will create an image-with-higher resolution (Schulz et al., 2005). The
morphology of electro-catalysts, their dimensions, and orientation can be easily revealed using SEM
with high resolution. SEM imaging bombards a material with an electron beam. The SEM uses a
focused beam and data are collected over a selected area of the surface of the sample, and a two
dimensional image is generated that displays spatial variations in these properties. Areas ranging
from approximately 1 c¢cm to 5 microns in width can be imaged in a scanning mode using
conventional SEM techniques (magnification ranging from 20 X’ to approximately 30 000 X,
spatial resolution of 50 to 100 nm). The SEM is also capable of performing compositional analyses
of selected point locations on the sample; this approach is especially useful in qualitatively or semi-
quantitatively determination of chemical compositions using energy-dispersive spectroscopy (EDS),
crystalline structure and crystal orientations using electron backscatter diffraction (EBSD) (Wright
et. al, 2011 and Britton et al, 2016).

The surface of the sample will accumulate charge if the electrons are not allowed to escape from the
surface via a conductive path. If there is no escape path, the image that will form will be very poor.
Charging can also lead to excessive heating of the sample, causing material degradation. Some
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samples should be coated with a conductive material to prevent surface charging. The specimens
are usually coated with either a metal or carbon. The first step when analysing a sample on a SEM
is an assembly of the sample holder, secondly mounting the sample and then fastening the sample.
Finally, the measurement of the z-height must be done correctly.
2.6.2 Energy-dispersive spectroscopy (EDS)
Energy-dispersive spectroscopy (EDS) is an analytical technique used for the elemental analysis or
chemical characterisation of a sample. Its characterisation capabilities are due in large part to the
fundamental principle that each element has a unique atomic structure allowing a unique set of
peaks on its X-ray spectrum. It is also used to stimulate the emission of characteristic X-rays from a
specimen, using a high-energy beam of charged particles-such as electrons or protons. The number
and energy of the X-rays emitted from a specimen can be measured by an energy-dispersive
spectrometer. As the energy of the X-rays is characteristic of the difference in energy between the
two shells, and of the atomic structure of the element from which they were emitted, this allows the
elemental composition of the specimen to be measured (Zhang Fan, 2015).
2.6.3 Fourier- Transform Infra-Red (FTIR)

Infrared spectrophotometry (IR) is one of the most powerful tools for detection of impurities, in
organic compounds, the quantitative amount of such impurities, identification of compounds and
determination of their chemical structure. Fourier-transform spectrometers are used for obtaining
complete spectra for qualitative identification. FTIR is non-dispersive in the sense that it neither
employs a grating or prism to disperse radiation into its component wavelengths. Fourier-transform
spectrometers offer the advantage of unusually high sensitivity, resolution, and speed of data
acquisition, therefore data of a spectrum can be obtained in one second or less. All wavelengths are

detected and measured simultaneously. They modulate the source of signal in order to separate
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wavelengths in such a way that it can be decoded by a transformation (Thackray Arnold, 2000). The
bands observed on an Infrared Spectra for both Pt(111)Ru and PtRu (85:15) alloy by Iwasita (2002)
corresponded to CO2 (2341 cm™) and CO: (2050 cm?). In the case of Pt(Ill) a band at

approximately 1820 cm™ was due to adsorbed (CO2) (Iwasita, 2002).

2.6.4 X-ray diffraction (XRD)
X-ray diffraction (XRD) is a versatile, non-destructive technique that reveals detailed information
about the chemical composition and crystallographic detail and the mineralogical composition of
natural and manufactured materials. Crystal structure is regarded as being formed by layers or
planes, X-rays with a wavelength similar to-the distances-between the planes can be reflected such
that the angle of reflection is equal to the angle of incidence. This behaviour is called diffraction,
and it is described by Bragg's Law: 2dsin® = nA. When Bragg’s Law is satisfied, constructive
interference of diffracted X-ray beams occur and a Bragg reflection will be picked up by a detector
scanning at this angle. The positions of these reflections give information about the inter-layer
spacing of atoms in the crystal structure. Peak intensities give information about how much X-ray
scattering is contributing to that reflection. Analysis of the diffraction pattern allows the
identification of mineral phases within a given sample. With that achieved, it may be possible to
quantify each phase present, the crystallinity of a sample, the crystal structures and their lattice
parameters, crystallite size and strain; all information that can be vital in material characterisation

and quality control ( Kniess et al.,2005)
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In Figure 2.7: Pt peaks which were identified that corresponded to crystal faces which are

characteristic of fcc platinum (Naidoo et al., 2012).
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Pt(111)

Intensity i
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Figure 2.7: A XRD pattern of the Pt/CNTs samples synthesised using WC (acid treated CNT) and
OMCVD (Heat treatment) methods (Naidoo et al., 2012).
The XRD pattern shows the difference in structure of the various loadings of Pt catalysts on carbon
materials. Pt catalysts show fcc structure on the MWCNT support. Two characteristic diffraction
peaks appear at 25 theta and 55 theta degrees for graphite. According to Naidoo et al. (2012) these
peaks were attributed to the graphite structures.

2.6.5 High-resolution transmission electron microscopy (HRTEM)
High-resolution transmission electron microscopy (HRTEM) is an imaging mode of the
transmission electron microscope (TEM) that allows the imaging of the crystallographic structure of

a sample at an atomic scale. Due to its high resolution, it is a valuable tool to study nanoscale
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properties of crystalline material such as semiconductors and metals. HRTEM can provide
structural information at better than 0.2 nm spatial resolution. In most crystalline inorganic
materials, including ceramics, semiconductors, and metals, the positions of individual atomic
columns can be resolved, at least in low-index zones (Dumbrava et al., 2005).
Selected area electron diffraction (SAED) is a crystallographic experimental technique that can be
performed inside a transmission electron microscope TEM. A thin crystalline specimen is subjected
to a parallel beam of high-energy electrons. TEM specimens are approximately 100 nm thick and
the electrons typically have energy of 100-400 KEv, the electron pass through the sample easily. In
this case electrons are treated as wave-like, rather than particle-like, because the wavelength of
high- energy electrons is a few thousand.of a hanometer,-and the spacing between atoms in a solid
is about a hundred times larger, the atoms act as a diffraction grating to the electrons which are
diffracted.

2.6.6 Electrochemical characterization
Cyclic voltammetry (CV) is the most widely used technique for acquiring qualitative information
about electrochemical reactions; it offers a rapid location of redox potentials of the electroactive
species. Voltammetry is one of the techniques which electrochemists employ to investigate
electrolysis mechanisms. There are numerous forms of voltammetry namely; potential step; linear
sweep (LSV); cyclic voltammetry (CV) (Andrienko, 2008)
Cyclic voltammetry (CV) is very similar to LSV. In this case the voltage is swept between two
values at a fixed rate, however when the voltage reaches potential (VV2) the scan is reversed and the
voltage is swept back to potential (\V1). A typical cyclic voltammogram is recorded for a reversible
single electrode transfer reaction. Again the solution contains only a single electrochemical reactant.

The forward sweep produces an identical response to that of the LSV experiment. When the scan is
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reversed the reaction simply moves back through the equilibrium positions gradually converting
electrolysis product for example (Fe** back to reactant (Fe*). The current flow is now from the
solution species back to the electrode and so occurs in the opposite sense to the forward seep but
otherwise the behaviour can be explained in an identical manner. For a reversible electrochemical

reaction the CV recorded has certain well defined characteristics (Andrienko 2008).

In Figure 2.8 Cyclic voltammograms of a commercial screen-printed electrode that showed

different scan rates is presented (Fragkou et al., 2013).
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Figure 2.8: Cyclic voltammograms of a commercial screen-printed electrode at three different scan
rates (Fragkou et al., 2013).

Typical cyclic voltammograms (CV) on various Pt based electro-catalyst samples are presented in
Figure 2.9. The hydrogen desorption peak was observed within the potential range of -0.21 to

0.10 V and the oxygen reduction peak between 0.30 and 0.80 V.
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Figure 2.9: Cyclic voltammograms on the Pt/CNT samples-in a nitrogen degassed solution of 0.5 M
sulphuric acid, using a scan rate of 50 mV/s;-and-an Ag/AgCl reference electrode (Naidoo et al.,
2012).
The experiments in Figure 2.9 were conducted in-a three electrode cell, connected to a Metrohm
Autolab. The three electrodes are the glassy rotating disk (GCRD) electrode tip as the working
electrode, Pt wire as the counter electrode and silver/silver chloride (Ag/AgCl) as the reference
electrode.
Methanol oxidation
According to (Hamnett, 1997) methanol oxidation is a slow reaction that requires multiple active
sites for methanol adsorption and oxidation. It could be summarised in terms of two basic
functionalities; electro-sorption of the methanol on to the substrate and also, addition of oxygen to

adsorbed carbon-containing intermediates to generate CO2. The mechanism of methanol oxidation

of the platinum catalyst is written as: (Hogarth et al., 2002)
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Pt + CHsOH — Pt—CH20H + H* + e- [4-1]
Pt + CH.OH — Pt—CHOH + H* + e- [4-2]
Pt + CHOH — Pt—COH + H* + e- [4-3]
Pt + COH — Pt—CO + H* + e- [4-4]
Pt + H20 — Pt—OH + H* + e- [4-5]
Pt—CO + Pt—OH — 2Pt + CO2 + H* + e- [4-6]

The reactions (4-1) to (4-4) represents the methanol electro sorption processes and (4-5) to (4-6) are

the representation of the oxygen removal or oxidation of intermediates.

Summary:

Based on the literature search, the CVD method was selected to synthesise the different catalysts
with MWCNTs and TiO:z as a support, because some other methods that are used for synthesis are
lengthy and use wet chemistry. The impregnation, colloidal and micro-emulsion methods are
available to use and are expensive as well. Methods such as the impregnation method uses a liquid
media which has the drawback that it can cause agglomeration. The colloidal method is more
complex hinders its utilisation and protection agent which is difficulty to remove once the particles
are absorbed on to the support. The micro-emulsion method is high in cost. CVD that is used in this
study is simple but effective and a solvent free method to deposit metals. MWCNTSs and TiO2 will
be use as both catalysts support in this study. It is expected that TiO2 will enhance the catalytic

activity.
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CHAPTER THREE
3 METHODOLOGY
3.1 Introduction

This chapter comprises of experimental methodology, sample preparation and
physical and chemical characterisation techniques, and electrochemical techniques
that will be used in this study. Furthermore, it focusses on the procedures used.
Schematics give steps of the experimental overview of the study (Figure 3.1). A
special consideration is given to sample preparation. Analytical methods used are
detailed. The material and chemical list that was used during the research is also
included.

MWCNTs were used in different forms; that is, un-treated MWCNT and pre-
treated MWCNTSs. Multi-walled nanotube (MWNT) are composed of a larger
diameter nanotube surrounding smaller nested nanotubes. Each successive outer
shell has a layer diameter but;retains the characteristic rolled grapheme structure,

(Sinnot et al., 2001).
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3.2 Materials and Methods

The chemicals and, equipment, used for the experiment carried out are listed in

Table 3.1.

Table 3.1: Materials and chemicals used

Chemical Specification Supplier
Multiwalled carbon nanotubes 95% 20-30 | Cheap Tubes Inc.
diameter
Platinum on carbon black JM | Pt 50% on C black | Alfa Aesar
catalyst
Platinum acetylacetonate 97% Sigma Aldrich
Ruthenium acetylacetonate 97% Sigma Aldrich
Vanadium acetylacetonate 97% Sigma Aldrich
Iron acetylacetonate 97% Sigma Aldrich
Nitric acid 55% KIMIX
Titanium acetylacetonate 97% Sigma Aldrich
Sulphuric acid 98% KIMIX
Hydrochloric acid 99.9% KIMIX
Ethylene glycol 99 +% KIMIX
Chloroplatinic acid 99.9% Sigma Aldrich
Sodium hydroxide KIMIX
Formaldehyde KIMIX
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3.3 Experimental overview

A general schematic overview of each experimental procedure and

characterisation techniques is presented in Figure 3.1.

Support

PIWCN T

AL

Acid Treatment

PL/CIM catalyst
as baseline

Characterisation

FTIR, HRTEM, XRD, SEM/EDS, CV

MWWCNT with catalyst Pt Ru, Fe &

A

MW CNT/TIO, with catalyst Pt Bu,
Fe &V

CVD method used

Figure 3.1: Research approach schematically outlines.

3.4 Pre-treatment of Multi-walled carbon nanotubes

Acid treatment or chemical etching methods were used to pre-treat the multi-

walled carbon-nanotubes. This is also called the purification step; this step eats

away the nanotube caps and creates defect sites on the CNT wall in addition to the
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amorphous carbon and leads to short ended, opened nanotube structures,

according to Sinnot et al., (2001).

0.1 g sample of MWCNTs (Cheap tubes) was weighed separately. A solution of
concentrated H2SO4 (98%) mixed with HNOs (70%) at a volume ration of 3:1 v/v
was used as an acid treatment. This treatment process was called the chemical
etching method. The MWCNTSs were stirred in this solution using a magnetic bar
at approximately 150 rpm for 30 minutes. The sample was diluted, centrifuged
and washed with deionised water to remove the residual acid solution. The
resulting materials were dried in the oven at 100°C overnight (Park et al, 2008).
3.5 CVD method

A Labofurn tube furnace was used for the CVD process in which the acetyl
acetonate decoposition formed the supported PGM metal MWCNT/TiO2 nano-
catalyst. The tube furnace (Figure 3.2). can heat;up to 1000 °C. A microprocessor
programme controller was used to set the temperature, heating rate and holding

time for the experiments that were carried out.
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LABOFURN —

Figure 3.2: Furnace.

3.5.1 Chemical vapour deposition procedure

i Gas Substrates
flow s with catalyst
lg'

D s

Figure 3.3: Schematic demonstration of horizontal furnace (Szabo et al., 2010).

The quartz tube in the furnace was pre purged with nitrogen gas for 45 min in
order to suppress possible surface oxidation of Pt particles. After the desired
temperature was reached, a ceramic (alumina) boat loaded with the precursors and

MWCNT that had been ground together was inserted into the centre of the quartz
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tube. After the heating time, the tube was cooled down while the nitrogen gas was
still flowing. When the tube had cooled down the catalysts were removed and

kept at room temperature.

3.5.2 Deposition of metal and nanoparticles

The method used was based on a modified dry mix method using chemical vapour
deposition (CVD). A mortar and pestle was used to prepare the catalysts by
crushing and grinding them into a fine powder. A pre-weighed amount of
platinum acetylacetonate (Pt (acac)2 was thoroughly mixed with 500.0 mg of dry
pre-treated multi-walled carbon nanotubes or multi-walled carbon nanotubes with
or without titanyl acetylacetonate (acac)z, the deposition of TiO2 onto MWCNT is
explained in section 3.7.5. The TiO2 supported upon MWCNTs with PGM s
discussed from section 3.7.6. The sample was then transferred to the ceramic boat
and placed into the quartz tube-and introduced into the horizontally aligned tube
furnace. The tube furnace was then ramped to 100 °C at a heating rate of 1 °C
mint and held at this temperature for one (1) hour. The furnace was then ramped
to 400 °C at a heating rate of 24 °C min* and held at the final temperature for
thirty (30) minutes to decompose the platinum precursor. The tube was allowed to
cool down to room temperature, and the sample was recovered. A similar
procedure was used to deposit each of the different metals on the pre-treated
multi-walled carbon nanotubes and upon the multi-walled carbon nanotubes with

titanium dioxide.
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3.6 Analytical methods

The following methods were used for the characterisation of the various
components; Scanning Electron Microscopy/ Energy Dispersive Spectroscopy
(SEM/EDS), Fourier Transform-Infrared (FTIR), X-ray Diffraction (XRD), and

High Resolution Transmission Electron Microscopy (HRTEM).

3.6.1 Scanning electron microscopy/ Energy dispersive spectroscopy

The morphology of carbon nanotubes, and electro-catalysts as well as their
dimensions, and orientation can be easily revealed using HRFEGSEM (high
resolution field emission gun scanning electron microscopy) with high resolution.
This characterisation was carried: out with the Auriga HRFEGSEM supplied by
Carl Zeiss. The samples were transferred to the EDS for qualitative identification
of the different elements contained by the sample.

Sample preparation and operational parameters

Specimens for SEM were prepared for the high—-vacuum imaging environment.
The procedure depends upon both the samples being examined and the aim of the
study. The conductive powders of the catalytic samples were dispersed upon
carbon stick tabs and mounted on an aluminium stub holder. After that, the holder

was placed into the sample chamber.
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Table 3.2: HRFEGSEM operational parameters

Parameter Setting
Accelerating voltage 25 keV
Tilt Angle 0°
Aperture 0.4 mm
Resolution 3nm
Working distance 15 mm
Magnification Various

3.6.2 Fourier-Transform infrared

The samples were investigated using Fourier transform infrared (FTIR) so as to

determine the structural configuration. Fourier=transform infrared spectroscopy

(FTIR) was used to determine the molecular structure and chemical bonding of

materials. This characterisation -was—-done ‘with a Perkin Elmer 100 FT-IR

spectrometer. The powdered sample was placed on the attenuated total reflectance

(ATR) cell. The sample was analysed in the range of 4000-380 cm™.

Sample preparation

A spatula tip of sample was subjected to FTIR analysis. The sample was placed

directly onto the FTIR ATR. The probe was rotated into the sample which was

situated on the sample holder. The experimental conditions are given in Table 3.3

below;
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Table 3.3: Operational parameters for FTIR

Instrument Name Perkin Elmer spectrum 100 series FT-

IR Spectrometer

Scan Range 0 to 2000 cm™*
Scan number 4
Units Absorbance

3.6.3 X-ray diffraction
XRD was used to confirm the PGM particle size and crystalline structure of the
PGM and carbon nanotube electro-catalysts. Powder X ray diffraction is a
technique that can be used-to study the crystallinity and atomic structure of
materials. The samples were analysed by X-ray diffraction using a D8
ADVANCE BRUKER AXS instrument equipped with a pw3830 X-ray generator
operated at 40 kV and 40 mA. The specifications of the Siemens D8 Advance
XRD unit and operation parameters are given in Table 3.4.
XRD can be used quantitatively for the determination of average particle size as
mentioned above, using the Scherrer equation given below as:
D=0.9 A/ (B cos 0) (3.1)
Where D is the particle size, 0.9 the shape factor, A the wavelength of the X-ray, 8
is the peak width at half peak height (radians), and 6 being the angle of reflection
[Cheng et al., 2011; Tseng et al., 2006].
Copper is generally the most used target material for single-crystal diffraction,
with a CuKo radiation of 1.5418A. These X-rays are collimated and directed onto

the sample. As the sample and detector are rotated, the intensity of the reflected

40




CHAPTER THREE: METHODOLOGY

X-rays is recorded. The interaction of the incident rays with the sample produces
constructive interference and a peak in intensity occurs when the conditions
satisfies Bragg’s law (equation 3.2). A detector records and processes this X-ray
signal and converts the signal to a count rate which is then output to a device such
as computer or printer. The Braggs equation is given below:

n) = 2dsin® (3.2)

A

2sin &

By varying the angle 0, the Bragg’s law conditions are satisfied by different d-
spacing in polycrystalline materials. Now based on the principle of X-ray
diffraction, a wealth of structural, physical and-chemical information about the
material being investigated can therefore be acquired [Tseng et al., 20086,
Rodriguez-Reinosa, 1998].

Sample preparation and operational parameters

The sample material was ground to a fine powder. The catalyst powder was
placed into a sample holder and levelled using a spatula. It was loaded into the X-
ray diffractometer. Diffraction patterns were collected in the measured range of 20
angles between 10 and 80 degrees. The mineral identification was done by
comparing with available d-spacing data and major peaks from the International

centre for diffraction Data and EVVA software from Bruker.
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Table 3.4: Operational parameters for (XRD)

Instrument D8 Advance Bruker
AXS

X ray- detector Vantec-1

Generator voltage 40 kV

Generator current 40 mA

Scanning range (20) 0.41t07.99

Scan type Locked coupled

Scan speed per step 0.50 sec

Scan time 40 min

Step size 26

Synchronous rotation

Cu K alpha at

1.540598

3.6.4 High Resolution Transmission Electron Microscopy

TEM is often used in the determination of average particle size, particle shape,

and particle size distributions of supported nanophase electro-catalysts. The

integrity of the catalyst after their exposures to the catalytic conditions was

checked with high resolution transmission electron microscopy (HRTEM). The

Auriga HRFEGSEM was used to perform the study of the morphology and the

effect of the incorporation of various metals or metal alloy nanoparticles on the

supports. This technique examines the internal structure of solids and provides

information about the micro-structural detail.

Sample preparation and operational parameters
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The TEM sample was prepared by suspending the supported catalyst powder in
methanol solution and depositing a drop of the suspension on a standard copper
grid covered with carbon. Samples were mounted in a sample holder, which was
introduced directly into the shaft of the microscope. Samples were viewed and

photographed using a Tecnai G2 electron microscope.

Table 3.5: Tecnai G2 transmission electron microscope operational parameters

Parameter Setting
Accelerating  voltage | 200
(kV)

Current (LA) 20
Condenser aperture 1
Obijective aperture 3
Exposure time (sec) 3

3.6.5 Cyclic voltammetry
Cyclic voltammetry (CV) AUTOLAB was used to investigate electrode surface
reactions, the behaviour of electrochemically-active species, and to examine the
quality of electro-catalysts. CV provides information on the thermodynamics of
redox processes and the kinetics of heterogeneous electron-transfer reactions.
The electro-catalytic activity for the methanol oxidation was characterised by
cyclic voltammetry (CV) in a solution of 1M methanol (CH3OH) and 0.5M

sulphuric acid (H2SOs4). The electrolyte was deaerated with nitrogen (N2) gas for
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10 minutes before the measurement and the experiment was conducted at room

temperature.

Sample preparation

Working electrode preparation: Catalyst ink preparation

Electro-catalyst inks were prepared by suspending 9.8 mg of the catalyst powder
in 5 mL ultra-pure deionised water with the addition of 75 mg (20 pL) of 5%
Nafion solution and 0.83 mL of isopropanol to make an ink stock solution. The
mixture was then sonicated in an ice bath for 60 minutes to obtain a uniform
suspension. After sonication the ink solution was pipetted the suspension
(dropped) onto the glassy; electrode tip: (5 mm diameter) using a 10 uL
micropipette to form a film which was used to determine platinum loading. The
electrode was covered with parafilm in order to avoid moisture ingress, and left to
dry overnight, before characterised on-the cyclic voltammetry as the working
electrode. The electrode ink preparation method used in this study is similar to the

one stated by Kimmel et al., (2014).
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Electro-chemical activity

The electrochemical investigation was performed with an Autolab at room
temperature The 0.5M H2SOq4 electrolyte solution was de-aerated with nitrogen
for 1 hour prior to each analysis to eliminate the parasitic influence of oxygen and
to establish a baseline.

Experimental parameters for the electro-chemical activity are shown in Table 3.6

Table 3.6: Standard Operating Parameters for CV

Parameter Specification

Electrolyte 0.5 M sulphuric acid to the cell.

Degassed with nitrogen by saturation

Methanol Added-3.2 mL methanol to 100 mL

sulphuric acid, Stirred for 15 min.

Working electrode Catalyst. Ink (see Working electrode

preparation)

Counter electrode Platinum wire
Reference electrode Ag/AgCI
Scan rate 10, 20 & 50 mV Base run (0.5 M

sulphuric acid).

Scan range Scanning range: -0,2t0 1.0 V
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Table 3.7: The % loadings of platinum group metals on MWCNT support and
PGM/TiO2/MWCNT electro-catalyst. The % metal loadings are presented at the
appendices section.

Metal Support %  metal | Synthesis Catalyst
loading for | Method name
experiment

Pt MWCNT 10 WC Al

Pt MWCNT 10 CvD A2

Pt MWCNT 20 CvD A3

Pt MWCNT 30 CvD A4

Pt/Ru MWCNT 20:10 CvD A5

Pt/Ru MWCNT 10:10 CvD A6

Pt/Ru MWCNT 915 CVvD A7

Pt MWCNT/TiO2{-10 cVvD A8

Pt MWCNT/TiOz | 20 CVvD A9

Pt MWCNT/TiO2 | 20:10 CvD Al10

Pt/Ru MWCNT/TiO2 | 20:10 CvD All

Pt/Ru/V MWCNT/TiO2 | 10:10 CvD Al3

Pt/Ru/V MWCNT/TiO2 | 20:10 CvD Al2

Pt/Ru/Fe/V | MWCNT/TIiO2 | 20 CvD Al4

Pt/Ru/Fe/V | MWCNT/TIOz | 15:5:5:5 CvD Al5

Refer to Appendix for theoretical Pt content calculations.
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3.7 The synthesis method

Table 3.7 gives details of all catalysts prepared in this study.

3.7.1 Synthesis of 10% Pt supported on MWCNT with wet-chemical
method (A1)

500 mg MWCNT support was mixed with 50 mL ethylene glycol (EG) and
sonicated for 20 minutes to get a suspension. 16.45 mL of 7.4 mg/mL
chloroplatinic acid, which used EG as solvent, was gradually added to the
MWCNT suspension with a burette and stirred for 4 hours. The solution was then
kept at 130°C in an oil bath for 3 hours. The solution was left to cool at room
temperature before being filtered. The precipitate-was dried under vacuum at 80

°C for 8 hours. The nominal loading of Pt in the catalyst was 10%.

3.7.2 Synthesis of 10% Pt supported on MWCNT with CVD method
(A2)

112 mg Platinum acetylacetonate [Pt (acac)2)] and 500 mg modified MWCNT
support (Section 3.7.3) were physically mixed and ground with a mortar and
pestle before the mixture was transferred to a ceramic boat and introduced into a
quartz tube. The quartz tube was introduced into the furnace and purged with
nitrogen. The tube furnace with the catalyst was then ramped to 100 °C at a
heating rate of 1 °C min® and held at this temperature for one (1) hour. The
furnace was then ramped to 400 °C at a heating rate of 24 °C min™* and held at the
final temperature for thirty (30) minutes to decompose the platinum precursor.

The catalyst was then slowly ramped to 100 °C and kept at 100 °C for another 1
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hour to remove traces of water. Thereafter the catalyst was ramped to 400 °C in
the tube furnace and held for 30 min to decompose the platinum precursor
properly. The quartz tube was cooled to room temperature, and the sample was

removed. This catalyst was denoted A2.

3.7.3 Synthesis of 10%, 20%, and 30% Pt catalysts supported on multi-
wall carbon nanotubes (A2-A4)

In order to synthesize Pt/CNT catalysts with different Pt wt. % loadings, 112 mg,
250 mg or 432 mg Platinum acetylacetonate [Pt (acac)2)] were separately weighed
on an analytical balance and each mixed with 500 mg as received MWCNTSs by
grinding with a mortar and pestle; and the solid mixture was transferred to a
ceramic boat and introduced into a quartz tube. The quartz tube was introduced
into the furnace and purged with nitrogen. The catalyst was then slowly ramped to
100 °C and kept at 100 °C for. another. 1 hour to remove traces of water. The
catalyst temperature was ramped to 400 °C and held for 30 min to decompose the
platinum precursor properly. The quartz tube was cooled to room temperature,
and the sample was removed. These series of catalysts were denoted A3-A5 (see

Table 3.7).

3.7.4 Synthesis of 20:20 (w/w) PtRu supported on MCNTSs (A5-A7)

In order to synthesize PtRU/MWCNT catalysts with different Pt wt. % loadings,
112 mg, 250 mg or 432 mg Platinum acetylacetonate [Pt (acac)2)] and 249 mg,

497 mg, 746 mg Ruthenium acetylacetonate [Ru(acac)s] were separately weighed.
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They were each well mixed with 0.500 g modified MWCNTSs and ground with a
mortar and pestle, and then heated following the synthesise procedure specified in

Section 3.7.3 to produce catalyst A5-A7) (Table 3.7).

3.7.5 Synthesis of TiO.- MWCNTS support
In this section TiO2 was mixed with MWCNTSs as supports and then the PGM
electro-catalysts supported on TiO2-MWCNTSs are synthesised.
Platinum supported on TiO2-MWCNTSs was synthesised by using the following
methodology. The theoretical molar ratio of TiO2: Pt 1:1 was used in this study.
The Pt/TiO2 optimal molar ratio was found to be equal to 1:1 by James et al.,
(2009). The theoretical weight percentage if TiO2 is 15% in this study.
167 mg TiO2 (acac)2 and 500 mg of MWCNTs were weighed separately on an
analytical balance, there after mixed and ground with a mortar and pestle. There
after the mixed powders were transferred: into the- ceramic boat which was then
introduced into the quartz tube furnace. The quartz tube was introduced into the
furnace. The supports were then slowly ramped to 100°C at heating rate of 20 °C/
min and kept at 100 °C for 1 hour, then support was ramped to 400°C held for 30
minutes to form TiO2/MWCNT composite substrate.
The following is the synthesis procedure as specified in section 3.7.2 and adding
the TiO2 upon the MCNTs as support for the catalyst to produce 10%

Pt/MWCNT.
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3.7.6 Synthesis of 10%, 20%, and 30% Pt catalysts supported on TiO2/
multi-wall carbon nanotubes (A8 - A10)

In order to synthesize PtTiO2/CNT catalysts with different Pt wt. % loadings, 112
mg, 250 mg or 432 mg Platinum acetylacetonate [Pt (acac)2)] were separately
weighed on an analytical balance and mixed with 500 mg mixture of TiO2
IMWCNTS (as the procedure specified in section 3.7.5) by grinding with a mortar
and pestle, and the solid mixture was transferred to a ceramic boat and introduced
into a quartz tube. The quartz tube was introduced into the furnace and purged
with nitrogen. The catalyst was then slowly ramped to 100 °C and kept at 100 °C
for another 1 hour to remove traces of water. The catalyst temperature was then
ramped to 400 °C and held for: 30 min to decompose the platinum precursor
properly. The quartz tube was cooled to room temperature, and the sample was

removed. These series of catalysts were denoted A8-A10 (see Table 3.7).

3.7.7 Synthesis of (w/w) 30%PtRu supported on TiO2, /MCNTSs (All)
250 mg Platinum acetylacetonate [Pt(acac)2)] and 249 mg Ruthenium
acetylacetonate [Ru(acac)s] were well mixed with 500 mg prepared
TiO2/MWCNTSs mixture as specified in section 3.7.5 and ground with a mortar
and pestle, and then heated following the CVD synthesise procedure specified in

Section 3.5 to produce catalyst A1l (Table 3.7).

3.7.8 Synthesis of (w/w) 30%PtRuVFe supported on TiO2/MCNTSs (A15)
2513 mg Platinum acetylacetonate [Pt(acac)2)], 1638 mg Ruthenium

acetylacetonate [Ru(acac)s], 284 mg Vanadium acetylacetonate [V(acac)s] and
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262 mg Iron acetylacetonate [Fe(acac)s; were physically well mixed with 500 mg
TiO2/MWCNTS as specified in Section 3.7.5 and ground with a mortar and pestle,
and then heated following the synthesise procedure specified in Section 3.7.5 to

produce catalyst A15 (see Table 3.7).

3.7.9 Synthesis of (w/w) 30% PtRuV supported on TiO2/MCNTSs (A12)
250 mg Platinum acetylacetonate [Pt(acac)2)], 1638 mg Ruthenium
acetylacetonate [Ru(acac)3] and 284 mg Vanadium acetylacetonate [V(acac)3]
were physically well mixed with 500 mg TiO2/MWCNTSs as specified in section
3.7.5 and ground with a mortar and pestle and then heated following the

synthesize procedure to produce catalyst A12 (see Table 3.7).
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CHAPTER FOUR
4 Results and discussion
4.1 Introduction

This chapter presents the results of the characterisation and interpretation of
platinum catalysts with various noble metals loading supported on MWCNT,
MWCNT/TiO2 and compared to commercial Pt/C (JM). The characterisation of
the different supports, MWCNT and activated carbon, was done initially, as well
as the JM Pt/C catalyst. There after various Pt metal loadings on MWCNTSs and Pt
on TiO2/ MWCNT as well as bi-metallic, tri-metallic and quaternary system were
also investigated. The surface of the MWCNT was modified using acid treatment
to improve dispersion of the metal particles on the support material as detailed in
section 3.4. This section will be presenting the structure characterisation and
interpretation of results for supports, commercial electro-catalyst and different
electro-catalyst. The results will start: off with;.examining structure crystallinity
using XRD, there after FTIR, followed by surface morphology using HRSEM and
HRTEM. The last section of this chapter will be the determination of catalytic

activity using CV.
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4.2 Results and discussion

4.1. XRD diffractogram of commercial Pt/C JM Catalyst as a reference catalyst
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P{200) pt{311)

10000 - Pt(220) -
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5000 -
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) 20 40 60 80 100 120

-5000 -

26 degree

Figure 4.1: XRD pattern for Pt/C JM catalyst

The XRD pattern for a commercial Pt/C is given in Figure 4.1, which shows the
characteristics of platinum diffraction peaks. The carbon peak C002 appears at

23.7° 20.
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Table 4.1: Experimental comparison of the degree value (20)

Peak | Degree value | Degree value | Plane (fcc) of
Experimentally | Literature Platinum

1% 39.65 39.8 111

2" 145.92 46.2 200

3 67.24 68.1 220

4™ 180.88 81.4 311

5t | 85,7 86.7 222

All Pt peaks are characterised as face centred cubic crystalline (fcc) Pt°, (Wang et

al, 2012; Naidoo et al, 2012; Kim et.al, 2009; Kuo et al, 2010).
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Figure 4.2a, Figure 4.2b and Figure 4.2c show XRD patterns for activated carbon,
Multiwalled carbon nanotubes and acid treated carbon nanotubes. The detailed

procedure for acid treatment is discussed in the experimental in chapter 3.

@ "

C(0o2) C(o02)

{
I Activated carbon 1 (l!| — MWCNT

Intensity (a.u)
Intensity (a.u)

|
/ \ C(004) f || C(100)
le M _ JII III |Iﬁq||| Clogd}

0 20 40 80 80 100 0 2 40 &0 80 100
2 theta/degree 2 theta/degree
C(002)
— Acid Treated MWCNT
(c)

5

&

2

2

g .

£ C(100)

° 2 o & ©
2 theta/degree

55



CHAPTER FOUR: DISCUSSION

Figure 2: XRD pattern for charcoal activated
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XRD pattern for Modified MWCNT
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Figure 4.2: XRD pattern for (a) Activated-carbon, (b) MWCNT and (c) Acid
treated MWCNT.

XRD patterns of activated carbon and MWCNTs have a main diffraction peak
around degrees 20 of approximately 23.7° 20. These peaks are broad. According
to Naidoo et al (2012), the peak for Pt/C JM (C002) which is at 23.7° 26, is due to
the high ordered arrangement of graphene sheets and random structuring of the
amorphous activated carbon.

When comparing Figure 4.2b & Figure 4.2c, it can be concluded that there was a
strong signal near 23.7° 20 which was corresponding to the 002 graphite planes in
the case of MWCNT. The peaks are narrower than in the case of activated carbon
thus showing greater ordering in the case of MWCNT prior to acid treatment.
Both XRD patterns of MWCNTs are showing the characteristics of CNT,
although the peak intensity of the acid treated MWCNT is lower than the

untreated MWCNT.
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The MWCNT and acid treated MWCNT XRD patterns that are shown in Figure
4.1b and Figure 4.1c showed the most intense peak at 20 equal to 25.56°. The
peaks of 20 ca. 25° and 56° are characteristic of carbon-nanotubes whereas the

peak at 44.03° 20 that is seen in the case of activated carbon is absent.

In Figure 4.2 which also shows the acid modified carbon-nanotubes, the spectrum
also showed a maximum peak at 25.62°. There was not much difference after acid
washing; therefore, the MWCNT can be used as catalyst support even if not
treated with acid. The acid treatment for MWCNT helps to get rid of metal
impurities, (Naidoo et al., 2012). The following catalyst was the only prepared

Pt/MWCNT (A1) catalyst iniwhich the acid treated MCNTSs was used.

Figure 4.3 shows the XRD spectra of various loadings of the Pt/MWCNT.
Experimental procedures were described.in chapter 3. MWCNT was heated at 400
degrees Celsius using CVD to deposit the PGM metals as per method. 10%
Pt/MWCNT catalyst was also treated with nitric acid as per the method in section

3.4.
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Figure 4:3 XRD spectra comparing various loadings of Pt on a MWCNT support
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Figure 4.3: XRD spectra comparing various loadings of Pt on a MWCNT support.
(A1, A2, A3 and A4)

In Figure 4.3 it is shown that when the acid treated MWCNT was used as a

support of the ten percent platinum precursor, and compared to the untreated

MWCNT that was also used as a Pt support, there is a peak that became visible
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around ten (10) degrees 26 only in the case of Pt on acid modified MWCNT (A1)
loading. There is a shoulder on the left of the maximum peak at 25° 20, which is
only observed on the acid modified sample (Al). There is a peak at 2 thetha (0)
that appears at around 45° 260 on all the XRD patterns relating to C (004). The
maximum peak at around 25.5° 20 that is present in all patterns shows

Figure 4.3: XRD spectra comparing various loadings of Pt on a MWCNT support.
(A1, A2, A3 and A4)

In Figure 4.3 it is shown that when the acid treated MWCNT was used as a
support of the ten percent platinum precursor, and compared to the untreated
MWCNT that was also used as a Pt support, there is a peak that became visible
around 10° 20 only in the case of Pt on acid modified MWCNT (A1) loading.
There is a shoulder on the left of the maximum peak at 25° 20, which is only
observed on the acid modified sample (A1). Thereis a peak at around 25° 20 that
is present to all patterns shows the graphitic. characteristics of the MWCNT C
(002). At around 46° 20 C (004) and Pt(200) are overlapping, and at
approximately 68.1° 26 the peak of Pt(220) is not visible. At around 39° 20 Pt111
is observed at A3 and A4. The intensity of the Pt111 Pt peak is increasing as the
Pt loadings increase when compared with that of MWCNT. There is a common
peak on all the XRD patterns of Pt loaded MWCNTSs at around 85° 26 which is
assigned to Pt (222). The Pt peaks are broad indicating that particle size of the Pt
was in the nanoscale. Only Pt (3111) was visible on 10% Pt loaded samples

probably due to inability of XRD to resolve at such low loading. Pt 111
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Figure 4:4 shows Xray diffractograms of Pt/Ru supported on MWCNT, MWCNT
heated using the CVD method and MWCNT that was not acid treated. The
experimental procedure is described in detail in chapter 3 section 3.6.3.
Ruthenium was added in order to reduce the amount of Pt used in catalyst, due to
its cost. The ratios that are used for PtRu are as follow, 5:5 PtRu (10%) A7, 10:20
A6 and 20:10 A5, refer to Table 3.7.

Intensity/arb unit

2 theta/degree

Figure 4.4: Various Pt/Ru compositions on the support of untreated MWCNTS

support.
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From the bottom up the Xray diffractograms of the MWCNTSs and the catalysts
are denoted as Black-MWCNT, Red-MWCNTs modified CVD, blue - A7, green
— A6 and pink — A5 respectively.

MWCNT that was heat treatment with CVD and MWCNT that was not acid
treated are also shown.

Figure 4.4 shows that there is a peak (C002) at 20 around 25 degrees that is
common to all spectra. In both treated and untreated MWCNT spectra there is a
common peak around 45° , 52°, 65° and around 83° . As the literature shows Pt
peaks are expected at 39.8; 46.2; 68.1; 81.4; and 86.7 degrees. In Figure 4.4 in the
spectra of 10% (A7), 20% (A6) and 30% PtRu (A5), these peaks are observed.
There is a peak observed at 45%20 forr MWCNT, A7, A6 and A5, although it
becomes a shoulder at A6 and A5. As the loading percentage of the composition
of PtRu increases the intensity of the peaks increase and the peaks are becoming
narrower.

According to Liu et al., (2011) Ru peaks at 2thetha are observed at 38.3, 42.2,
44.0, 58.3, 69.4 and 78.4 which are assigned to the 100, 002, 101, 102, 110 and
103 respectively, which are diffraction planes of hexagonal close-packed (hcp) Ru
metal. This is also confirmed by JCPDS card no. 06-0663. The shoulder peak
approximately at 43,5 - 44 degree for A7, A6 and A5 in Figure 4.4 could be the
indication of Ru’s presence. This could confirm the overlapping of the 101
diffraction peak of C with the peak of 101 diffraction of hexagonal Ru metal, Liu
et al., (2011) also observed the overlapping of peaks in their study. Peaks shift
could be due to the evidence that accounts for formation of Pt Ru alloy in the

catalyst.
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Figure 4:5 shows the X-ray diffractograms of Pt loading on TiO2z MWCNT

supports. Refer to section 3.7.6 for experimental loading for TiO2 and to Table 3.7
for % metal loadings. The XRD of MWCNT/TiO2 was not analysed as a blank.

Intensity (a.u)
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P(200)

C(002) P{(311)
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Figure 4.5: 10-30% Pt- MWCNT/TiOz (untreated) (A8-A10) catalyst prepared by

the CVVD method.

The XRD spectra were obtained to assess the effect of different platinum loadings

on TiO2/MWCNT support after CVD deposition as prepared in section 3.7.5.
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Figure 4.5 demonstrates that the TiOz is crystalline and in the anatase form once
deposited in TiO2 using CVD on MWCNT samples which were not acid treated.
As the platinum loading increased, the increasing peak intensities indicate that the
anatase reflections as well as the Pt peaks became more defined with greater
crystallinity. The Pt111 and anatase main peak overlap at 39.65 degree, and C
(004) overlaps with Pt(200). Pt (311) was visible on 10% A8, 20%A9 and 30%
A10 loaded samples, this could be probably due to inability of XRD to resolve at
such low loading. This was also observed in XRD pattern of Figure 4.4. Around
68.1 degree Pt (220) is visible at A10, while there is shift that is observed at A9
and Pt(220) is not visible at A8 which 10% loaded. TiO2 2thetha values are 24.8,
37.3, 47.6, 53.5, 55.1 and 62.2 respectively, Ba-Abbad et al., (2012). The JCPSDS
card no. 21-1272 for anatase confirms values. The peaks at 25, 25.4and 48 degree
in the study by Ba-abbad et al., (2012) and Thamaphat et al.,(2008) confirmed
anatase structure of TiO2. Hence the peak around 37.4 degree confirms the anatase
which is overlapping with Pt111 in Figure 4.5. Also around 55 degrees there are
broader peaks that are observed in all three diffractograms which confirms

anatase.

In Figure 4.6 the Xray diffractograms are shown of trimetallic catalysts on TiO2/
MWCNT. The PtRUV/MWCNT/TiOg, catalyst has been researched in this study.
A portion of Pt was substituted with less expensive Vanadium to lower the overall
cost of the catalyst. The experimental procedure is detailed in section 3.7.5. The

metal ratios are as follow; 20:5:5 (A12) and10:5:5 (A13).
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Figure 4.6: Xray diffractograms of different loadings of trimetallic catalysts on
TiO2/ MWCNT A12 and A13, trimetallic catalyst.

Figure 4.6 above shows the possibility of the overlapping of the graphene (C002)
and anatase (A101) main peak at around 26 = 25.2 degrees. This peak is assigned
to both that of MWCNTSs as well as the anatase form of TiO2 respectively. The
other peaks that overlapped are also observed at around 26 = 67/68 degrees, which
are assigned to Pt (220) and A (103), platinum and TiOz2 respectively. There were

no metallic Ru, Fe and V diffraction peaks detected on the XRD patterns, which
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indicated very small particles or alloyed PtRu or PtRuV or PtRuFeV. The study
by Fu et al (2009) and Calderon et al (2012) also reported that no Ru peaks were
observed.

The XRD spectra showed the presence of MWCNT carbon peaks on
PtRU/MWCNT, PtRUVFe/MWCNT-TiOz, PtRUV/MWCNT/TIOz,
Pt/MWCNT/TiOz and the peaks of the XRD confirm the formation of Pt as
revealed by the peak at 20 at 39°. On A13 there was shift observed on Pt (311)
peak when comparing with A12 Pt (311) peak at 2thetha. Around 37° 20 there is
an anatase overlapping with Pt111. There’s another peak shift observed at
63degree of Pt220/A103 on A13 compares with Al2. The shift could be
confirming that the alloying took place. According to Liu et al., (2011), the
Vanadium peaks at 2thetha are as follow; 21.6, 26.9, 32.3 and 45.3 degree,
corresponding to 101, 110, 011 and 411 planes of V oxides. This is in agreement
with JCPDS card no. 89-0612 that;corresponds to orthorhombic structure.

In Figure 4.7 the Xray diffractograms are shown of multi-metallic catalysts on
TiO2 / MWCNT. The PtRuVFe/MWCNT/TiOz, catalyst has been researched in

this study.
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Figure 4.7: X-ray diffractograms of multi-metallic catalysts on TiO2 / MWCNT
[20%, 30% PtRuVFe/MWCNT/TiO2, (Al4, A15) multi-metallic catalyst.]

All the XRD patterns show the broadening diffraction peaks at around 2thetha

26/27° of C002 from MWCNT. This is assigned to hexagonal graphite
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crystallographic planes (002) in carbon-nanotubes. This was also observed by
Yang et al., (2012), Sebastian et al., (2012) and Negro et. al., (2015) in their study
of electro-catalytic activity and durability of Pt-decorated non-covalently
functionalised graphitic structures.  These patterns exhibited the characteristic
peaks corresponding to the Pt face centered cubic structure 111, 200, 220, and 311
reflection planes with characteristic of Miller indexes at 20 = 39.70°, 46.24°,
67.45°, 81.28° (Calderon et al 2012 and Fu et al 2009). There were no metallic
Ru, Fe and V diffraction peaks detected on the XRD patterns, which was the
indication of alloyed PtRu or PtRuV or PtRuFeV. The narrow peaks of Al4 and
Al5 indicates that the samples were higher in crystallinity. Qin et al., (2011)
observed the narrow peaks In their study, also mentioned that no other peaks were

observed, which according to them, indicated high purity at prepared samples.
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Table 4.2: Lattice parameter and crystalline size in nano-meter

Catalyst Pt (220) | Lattice Crystalline size
position 20 parameter (nm) | (hm)
10%PtRU/MWCNT 67.58 0.1760 0.71
20%PtRU/MWCNT- 64.98 0.1220 1.06
30%PtRU/MWCNT 65.09 0.1031 1.25
10%PtRUuV/MWCNT/TiO2 | 67.06 0.1620 0,78
20%PtRuV/MWCNT/TiO2 | 64.90 0.0811 1.60
30%PtRuUV/MWCNT/TiO2 | 67.87 0.1488 0.84
20%PtRuFeV 65.46 0.0795 1.62
MWCNT/TiO2
30%PtRuFeV 65.70 0.1078 1.19
MWCNT/TiO2
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4.2 FTIR results

FTIR spectra of supports and the commercial baseline catalyst JM are presented in

this section.

Figure 4.8 shows FTIR spectra for Activated carbon and JM Pt/C
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Figure 4.8: Comparison of a FTIR for activated carbon and JM Pt/C

The structures were investigated by FTIR. The two carbon supports were plotted
on the same axis and compared. As observed in the Figure 4.8 above, both curves
showed various types of functional groups. The bands at 2351 and 2169 cm™ are
assigned to C-H stretching vibrations. The band at 2012 cm™ demonstrates the
C=0 group and —OH appears at 3260 cm™* and 3249 cm™*. The JM Pt/C plotted on
the same axis shows the shoulder that corresponds to the to the C-H stretching

vibration around 2351 cm.
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Figure 4.9: FTIR spectra of MWCNT.
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Figure 4.10: FTIR spectra of MWCNT/TiO2and MWCNT/TiO2 (CVD).

In Figure 4.9 MWCNT, the broad band observed at 2680 cm™ was assigned to
OH stretching. In Figure 4.9 the band at 1360 cm™ is assigned to CH in plane
bending and that at 1511 cm™ could be associated with the stretching of the
carbon nanotube backbone (Abuilaiwi et al., 2010). In Figure 4.10 the bands
observed at 3734 cm™ and 3799 cm are assigned to the intermolecular hydrogen
bonding of hydroxyl groups in MWCNT. There is a band shift after the heating
(CVD) that is observed. The peaks at 3481 cm™ to 3612 cm™ are assigned to OH

free stretching. There were no TiO2 bands observed.
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4.2.1 FT-IR of metal loaded MWCNT samples

The FT-IR spectra of PtRUV/MWCNT with and without TiO2 and synthesised

nano-materials in the range are shown in FTIR Figure 4.11 below.
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Figure 4.11: 10% PtRuUV/MWCNT &10% PtRuV/MWCNT/TiO2 on the same

axis .

In Figure 4.11, giving the spectrum of the 10% PtRuV/MWCNT and 10%

PtRUV/MWCNT/TiO2 both show spectra show a band which is assigned to CO

absorbed on platinum metal particles at 2097 cm™. There other catalysts were not

tested by FTIR as the technique did not give relevant information.
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4.3 Morphology of electrocatalyst, activated carbon and MWCNT
The HRSEM was utilised for structural identification and morphology study of
MWCNT, activated carbon and the supported commercial JM Pt/C electro-
catalyst. Morphological investigations were conducted by HRSEM and EDS
following the procedure outlined in Section 3.6.1. The elemental content of
MWCNT was conducted. The EDS revealed that the atomic % of carbon in the
MWCNT was 99% and the other 0.44% was an atomic % of nickel, probably due

to the Ni catalyst used to grow the MWCNT.

4.3.1 Support morphology compared to JM Pt/C catalyst

The HRSEM microgram for activated carbon is shown in Figure 4.12

EHT = 20.00 kv Crate (2 Mov 2012
WD = 8.8 mm Time (10:33:45

Figure 4.12: HRSEM for activated carbon.
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4.3.2 Commercial electro-catalyst morphology
Figure 4.13 shows the morphology of the commercial JM electro-catalyst which

was investigated using HRSEM following the procedure given in Section 3.6.1.

1 um EHT = 20.00 W Signal A= 862 Dt 2 Horw 3012 [ 1 pm EHT =20.00 kv Signal A = SE2 Date :2 Nov 2012
F—— wo-tismm MagE 40.33KX Tume: 11,0808 H WD =119 mm Mag = 10,00 K X Time :11:12:07

Figure 4.13: HRSEM images of JM Platinum/C electro-catalyst.

In Figures 4.13 (a & b), the image was obtained at different magnifications, in
order to obtain a better image. As observed the coated images are still showing ill-
defined images of the commercial electro-catalyst. The surface roughness is
relevant for transport behaviour of carbons. Statistical parameters according to

Artyushkova et al (2012) increase as the amount of pores (dark values) increases.
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The following image are the morphology of MWCNTSs which was conducted
using HRSEM following the procedure given in Section 3.6.1. The following
images were conducted at different magnifications. In Figure 4.14 the untreated

MWCNT is shown.

EHT = 5.00 kV Signal A =SE2 Date :18 Jan 2013
WD =11.8 mm Mag = 20.00 K X Time :11:54:27

Figure 4.14: SEM image of Untreated MWCNTSs.
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The following images are the morphology of acid treated MWCNTSs which were
obtained using HRSEM following the procedure given in Section 3.6.1. The
following images were obtained at different magnifications. The acid treatment of

MWCNT was conducted following the pre-treatment procedure in section 3.4.

Figure 4.15: (a & b) HRSEM images of acid treated MWCNT.

Two types of MWCNTs were characterised by HRSEM, MWCNT and acid
treated MWCNT samples’ Figure: 4.151 (a & b).- Acid treated MWCNT were
observed to be similar to the untreated MWCNT. The morphology of acid treated
MWCNT was smooth. During acid treatment, surface structure of MWCNTSs was

modified mainly at the end of the nanotubes.
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Energy dispersive spectroscopy (EDS) detector which is connected to the

HRSEM was used to investigate the element composition of the MWCNT.

Table 4.3 represents the EDS results of the elemental composition of acid treated

MWCNT.

Table 4.3: EDS composition for element in acid treated MWCNT
Element Atomic %

Carbon 99.56

Nickel 0.44

Total 100

EDS in Table 4.3 give the composition of MWCNTs which was conducted using

HRSEM following the procedure given in Section.3.6.1.

4.4  Structural characterisation using HRTEM
HRTEM was conducted to study the morphology of the carbon nanotubes and
electro-catalysts. It was used to determine the particle size and the particle size
distribution of the electro-catalysts in order to support the XRD studies. The
morphology was determined using the HRTEM procedure given in section 3.6.4.
This section will be presenting the structural characterisation and interpretation of
results for MWCNTSs acid treated and untreated, commercial electro-catalyst and

home-made electro-catalyst with various loadings of metals.
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4.4.1 Structural images of commercial JM Pt/C electro-catalyst
The following Figures 4.16(a-b) represent the HRTEM images of a commercial
JM Pt/C. The electro-catalyst was imaged using HRTEM following the procedure

in section 3.6.4.

UNIVERSITY of the
Figure 4.16:( a - b) HRTEM, images of a. commercial JM platinum/ carbon.

In Figure 4.16 (a — b) the platinum dispersion is observed on carbon; however, the
presence of some particle agglomeration can be seen. The presence of
agglomeration may be due to the amount of Pt added. HRTEM showed that the

platinum is not evenly dispersed on carbon, but particles are cluster.
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Figure 4.17 represents the SAED of the commecial JM Pt/C.

Figure 4.17: Selected Area Electron Diffraction (SAED) for commercial Pt/C.

The carbon support is visible in the HRTEM micrographs, as large grey particles
with the small black Pt particles distributed upon them. It was easy to identify the
Pt nanoparticles, due to their higher density that the carbon, enhancing the
contrast between them. SAED in Figure 4.17 showed the diffuse rings related to

polycrystalline materials (Chan et al., (2011).

4.4.2 Structural images of MWCNT as received
The following images show the HRTEM images for MWCNT (Multi-walled
carbon-nanotubes) which are commercial.
Figures 4.18 and Figure 4.19 are HRTEM images of MWCNT that were not acid

treated.
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100 nm

Figure 4.18: HRTEM image for MWCNT.

Figure 4.19: HRTEM bright-field micrographs without purification, for a
commercial MWCNT (Multi-walled carbon nanotube).

In Figure 4.19 the bright field micrograph shows that the MWOCNT are
agglomerated together. Li et al., (2003) observed in their research that MWCNT
are packed together because they are accompanied by many carbon nanoparticles
and carbonaceous impurities. Figure 4.20 dark spots were observed which may be

due to Ni impurities as mentioned in Table 4.2 for EDS.
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4.4.3 Structural images of acid treated MWCNT

The following HRTEM images are for acid treated MWCNT. The following acids
(sulphuric acid and nitric acid) were used to treat multi-walled carbon nanotubes.
Figures 4.21 (a-c) shows the images of acid treated MWCNT, with sulphuric acid
and nitric acid following the pre-treatment procedure in section 3.4. In the pre-
treatment process both sulphuric acid and nitric acid were mixed together at a
volume ration of 3:1 v/v. This treatment process was called the chemical etching
method.

MWCNTSs were treated using sulphuric and nitric acid mixture. The un-purified

MWCNT were immersed in an ethanol solution and sonicated prior to the

HRTEM analysis.
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Figure 4.20: (a — c) HRTEM are bright-field micrographs for acid treated
MWCNT that were purified with H2SO4-HNO:s.

It can be seen that most MWCNTSs were isolated and slight agglomeration was
observed. The purification or modification with acid could result in an increase in
the density of functional groups on the acid modified MWCNTS, FTIR have given
some insight among the functional groups could be carboxyl, hydroxyl and
carbonyl groups. In Figure 4.2 of treated MWCNT the tubular structure of the
carbon nanotubes was observed, and low nickel impurities were present as shown
in EDS presented in Table 4.3. Li et al., (2003) also mentioned that the MWCNTSs

were treated by acid and slow oxidation in a mixture of nitric-sulphuric acid.

4.6 Electro-catalysts morphology
This section will be presenting the HRTEM micrographs and EDS used for
structural characterisation.and. interpretation ;of results for various electro-
catalysts. The procedure that was followed is presented in section 3.6.4. The
electro-catalysts were supported upon MWCNT and TiO2 as metal oxide.
MWCNTSs were coated or decorated using CVD, following the procedure as
detailed in section 3.5. CVD is a dry mix method which is faster, with no wet
preparation required. The following high resolution HRTEM images illustrate
electro-catalyst samples’ morphology which provides insight into the structure of
the catalysts. The HRTEM images showed the successful attachment of metallic
nanoparticles upon the MWCNT/TiOz support. Figure 4.22 presents the images of

30% PtRu-MWCNT
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Figure 4.21: 30% PtRu-MWCNT

Figures 4.22 presenting the images of 30% PtRuV-MWCNT/TiO2

Figure 4.22: 30%PtRuV-MWCNT/TiO2
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Figures 4.23 presenting the images of 30% PtRuVFe-MWCNT/TiO2

Figure 4.23: 30%PtRuVFe-MWCNT/TiOz.

The MWCNT support is visible in all the micrographs, with the small black
particles on them.

HRTEM has shown that the support was well coated with the metals that were
dispersed uniformly with some agglomeration. The loading of MWCNT/TiOz2 as
supports showed a similar morphology compared to the MWCNT on its own. The
study also shown that platinum group metal (PGM) could be loaded upon the

MWCNT with various mixed metals deposited evenly on the MWCNT support.
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HRTEM images show slight agglomeration, however metal nanoparticles are
generally well dispersed on the carbon support without formation of clusters.
Generally, the micrographs show that the metals’ clusters were at the range of the
nanometer scale as they are not visible on the images as clusters, unlike the JM
catalyst which showed a lot of agglomeration. As observed from Figures 4.21,
4.22, and 4.23, the catalysts were dispersed uniformly and without agglomeration
upon TiO2/MWCNT support. The catalyst showed a well-separated nanoparticle
by the combination of the additional metals with Pt. In addition, 30%PtRuVFe-
MWCNT/TiOz2 showed a better dispersion than catalyst 30%PtRu-MWCNT,
while in the case of 30%PtRuV-MWCNT/TiO2 bigger particles were observed.
30%PtRuV-MWCNT/TIO2 catalyst showed a smaller crystalline size in 0.84 nm
in XRD analysis as presented in Table 4.2. The smaller crystalline size leads to a
bigger surface area and may produce better electro-catalytic activity of the
catalyst. This will be further. confirmed by electrochemical-activity analysis in
section 4.7.

EDS for the various catalysts

The elemental composition was investigated using Energy dispersive
spectroscopic (EDS) emission analysis with HRTEM. EDS is telling what is
present on the surface of the sample. The EDS for A-MWCNT/TiO2, B-30%
PtRu-MWCNT, C-30%PtRUV-MWCNT/TIO2 and D-30%PtRuVFe-

MWCNT/TiO2 can be seen below.
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In EDS of A-MWCNT/TiO2 some trace amount of Fe metal is observed, this

might be due to the Fe nanoparticles used as a catalyst. This shows that the
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supplier used Fe as a catalyst during the synthesis of MWCNTSs. In all EDSs there
is copper metal observed this is due on a standard copper grid that is used when
depositing a drop of suspension. In EDS A the MWCNTSs is in abundance and
some Ti metal is observed; only 15% of TiO2 was used in this study. In EDS-B Pt
and Ru metals are observed in MWCNT support. In EDS-C Pt, Ru and V are
observed, although it seems that there is some overlapping of metals Pt and Ru.
The peaks are not distinct because of the overlapping although they are showing.
Pt, Ru, V, and Fe metals are observed in EDS-D, and also the Pt and Ru showed
some overlapping. In C-30%PtRuV and D- PtRuVFe/MWCNT-TiO2 overlapping

of Pt Ru is observed.

4.7  Cyclic voltammetry results and discussion

This section presents the results of the characterisation using cyclic voltammetry
as a technique of platinum catalysts with PGM/noble metals loading supported on
MWCNT or MWCNT/TiO2. For the electro-catalysis analysis, the following
catalysts were chosen in this study 30%PtRu/MWCNT, 30%PtRuV/MWCNT-
TiO2 and 30%PtRuVFe/MWCNT-TIO2. In each catalyst there is a metal added,
this was done to investigate if the additional metal will lower the amount of Pt as
it is costly. Also to observe, if a portion of Pt was substituted, will this lower the
overall cost of the catalyst.

The following figures show the various cyclic voltammograms of selected
catalysts. The methanol oxidation reaction was measured in 0.5 M aqueous
sulphuric acid (H2S04) and 0.5 M aqueous methanol (CH3OH) at a scan rate of

10, 20, or 50 mVs*. The glassy-carbon was used as a working electrode, Ag/AgClI

89



CHAPTER FOUR: DISCUSSION

as a reference electrode and a platinum wire as a counter electrode. The sulphuric
acid and methanol solution were saturated with nitrogen (Nz2). The CVs in 0.5
H2SO4 only or with both H2SO4 and 0.5 M methanol solutions, respectively, were
scanned between the potential windows of -0.2 to 1.0 V.

Cyclic voltammograms of in-house prepared different catalysts are presented
below. The CVs of 30% PtRUMWCNT, 30% PtRuVFeMWCNT/TiO2 and 30%
PtRuV MWCNT/TIO2 are shown below in Figures (4.24, 4.25 and 4.26) and
Figures 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, and 0.9 are shown on the Appendices
at different scan rates. The baseline with MWCNT & TiO2/MWCNT was not

characterised on their own.

«— | Reductior

Figure 4.24: Cyclic voltammogram of 30%PtRUMWCNT (20mVs?) electro-
catalyst with H2SO4+ CH3OH.

The typical shape of the cyclic voltammograms is observed at all sweep rates in
acid solutions only. The shape changes once the methanol has been added at all
the different scan rates, and the methanoloxidation peak is evident at between

+0.7 — 0.8V at all scan rates and all the rest of the scans were done at 20mV/s™.
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The rectangular shape in this voltammogram shows a sharp cathodic peak like the
but the oxygen reduction peak on the reverse scan is evident at a potential of

0.44V, at Figure 4.31.

............................................................................................................................
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Figure 4.25: Cyclic voltammogram 30% PtRuVFeMWCNT/TiO2 (20mVs-1)

electro-catalyst with H2SO4 + CH3OH.
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Figure 4.26: Cyclic voltammogram 30% PtRuV MWCNT/TiO2 (20mVs-1)
electro-catalyst with H2SO4 + CH30H.

In Figure 0.6 & Figure 4.25 the catalyst with PtRuVFe showed the hydrogen
desorption peak around -0.22 to -0.25 V and an oxygen reduction peak from

potential 0.3 to 0.6 V. These results indicate that all catalysts are active for
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hydrogen desorption and oxygen reduction which were enhanced according to the
areas of the reaction with methanol. In Figure 4.26 it is observed that the
amplitude increases with the addition of methanol.

There is a shift to lower potential (0.68V) that is observed in Figure 4.26
compares to Figure 4.25 and Figure 4.24 which are showing potentials of 0.7V.
According to Andrienko 2008, this indicates that the species is getting hard to
reduce on reference electrode due to the roughness of the surface. In Figure 4.26,
peak A has shifted slightly to a lower overpotential and the amplitude is greater,
therefore less energy is required to do MOR which is equal to greater activity.
Non-noble metal oxide (TiO2) that was used on this study as a support has also
improved the catalytic activity of platinum based catalysts for MOR. This was due
to its suitable surface properties as a promoter of methanol electro-oxidation
reaction when combined with PYMWCNT.

In Figures (4.24 — 4.26) and Figures (0.1- 0.9) the voltammogram of the electro-
catalysts in methanol and sulphuric acid are illustrated. There are methanol
oxidation peaks which are observed at approximately 0.70V, in the forward
sweep. In Figures 0.6 and Figure 4.2 in the reverse scan there are an anodic peak
observed at approximately 0.45V and 0.4V respectively. This increase in current
is also observed when the sweep rate was increased to 50mV/s. This was reported
by Liao et al (2006), as the improvement to the catalytic activity for methanol
which was due to electrochemical active surface area of the catalyst. There are
adsorption/desorption hydrogen peaks observed on the region of -0.2V- 0.1V in
the voltammograms that have methanol addition, this could be attributed to the

atomic hydrogen adsorption on the platinum surface.
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Effective surface area

The effective surface area of the catalyst was calculated from the area of the
hydrogen desorption peak after subtracting the contribution from the double layer
charging. This area was then converted into the effective surface area by using the
factor 210 pC.cm? for the monolayer of hydrogen adsorbed on polycrystalline
platinum. The hydrogen desorption peak (Qr) was well defined by autolab
software. The results were collected and presented in Table 4.3 below. All ECSA
calculations were done following the equation below and ECSA is measured in

(m?. gtPt).

ECSA= Qr(uC) 103

210puC cm2LPt (mgPt.cm?) Ag (cm?) (4.7)

Ag = 0.196 cm? is the geometric surface area of the glassy carbon electrode. The
values for ECSA are reported in m?g*Pt).

Where Qr (mC/cm?) was measured from the area of the hydrogen desorption peak
on the corresponding CV in the initial 0.5M H2SOs electrolyte and C
(0.21 mC/cm?) is the charge of a monolayer of hydrogen desorbed on a smooth

platinum surface.
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Table 4.4 represents the Electro-chemical active surface area parameters of the
selected electro-catalysts.

Table 4.4: ECSA values of electro-catalysts supported in MWCNT/TiO2

CATALYST HRTEM Pt | Qr (uC) | ECSA(m?g | Scan rate
(weight %) 'Pt) (mV?

30%PtRU/MWCNT 5.62 1.8782 81 20

(AS5)

30%PtRUV/MWCNT- 3.02 3.6211 291 20

TiO2 (Al11)

30%PtRUVFe/MWCNT- | 11.06 1.547 34 20

TiO2 (Al15)

The platinum loading that was used to calculate electro-chemical active surface
area is from element composition weight % analyse by HRTEM. The ECSA

equation (4.7) was used for the calculations.

4.8 Electrocatalytic activity discusion of results
In all voltammograms that undergoes methanol oxidation there is a direct
oxidation peak (A) observed and a methanol re-oxidation peak (B) as well. It can
be seen that all the onset of methanol oxidation reaction of the catalysts occurred
in various potential windows between (0.27 V — 0.4 V), which is after desorption
of adsorbed hydrogen. The hydrogen desorption peak occurred between -0.2V to
0.1V in all the voltammograms of methanol oxidation. The oxidation currents
increase with increasing potential until the current peaks are observed. Even
though the methanol oxidation peaks are seen in potential window approximately
between (0.6 V — 0.8 V) the catalysts differed slightly in their activities of
methanol oxidation with 30% PtRuV/MWCNT-TiO2 having the lower potential

which correlate with the higher ECSA value. The Pt surface at +0.80 V should be
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oxidised as mentioned by Yin et al., 2009. In this study with the Pt loaded with
MWCNTSs and TiOz2 the similar behaviour was observed. ECSA for 30% PtRuV is
higher than the 30% PtRuVFe and 30%PtRu. PtRuV-MWCNT/TiO2 presented the
best active surface area of 291m?g-Pt compared to the other catalyst. This may
attribute to the small crystalline size of 0.84 nm showed in Table 4.2.
30%PtRuUVFe/MWCNT-TiO:2 displayed the smallest ECSA of 34 m?g'Pt when
compared to the other catalysts, which is followed by 30%PtRu-MWCNT at 81
m?g1Pt.
49 Summary

Catalysts on MWCNT/TiO2 were characterised using techniques such as
HRTEM, HRSEM, XRD and electro-chemical characterisation was done using
cyclic voltammetry. MWCNTSs were treated using acid mixture of nitric and
sulphuric acid to remove metal particles. MWCNTSs were also coated with the
catalyst using the CVD method, thereafter characterised using the techniques
which are mention above. On binary, tri-metallic and quartenary catalysts,
MWCNT/TiO2 were used as supports. In this section 30 wt. % Pt loading
samples which were produced by CVD was discussed. XRD analysis confirmed
that Pt catalysts have fcc structures. Electrochemical activities of the catalysts
were measured by CV. The results showed that the electro-catalysts are active
methanol oxidation reaction.

Platinum was alloyed with Ruthenium as indicated from the literature to be able to
prevent CO poisoning of the platinum catalyst. The focus of the study was the
addition of the extra metal to be alloyed with Pt. Therefore, there was an addition

of iron and vanadium on the PtRu catalyst. These pluri metallic catalyst still
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performed well in the MOR whilst the Pt content was lower, which was the
purpose of the study. The lower platinum content can be observed in Table 4.4,

which  were analysed using HRTEM (weight %) on EDS.
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Chapter five
5 Conclusions
The importance of this study of electro-catalysis is to reduce or replace Pt with the
other platinum group metals or non-noble metals. There were two approaches in
order to obtain cheaper yet active catalysts. The first one was to develop multi-
component catalysts with an activity similar or higher than that of Pt. The metals
that are non-platinum group metal and active metals which are considerably
cheaper exist.
As presented in chapter 4, it can be concluded that the CVD process could be
applied in order to achieve changes in catalysts properties such as dispersion of
metal support, morphology, electro-catalytic activity, and CVD could also
improve agglomeration. The CVD method demonstrated that it is a fast and
environmental accommodating method to produce mono-metallic, binary metallic
and pluri-metallic catalysts:without using chemicals or reducing agents, as well as
avoiding traditional stages such as impregnation, washing, drying and calcination.
The study has shown that although the acid treatment of the MWCNT support can
be effective for removal of impurities, it is not necessary to perform acid washing
prior to the loading of metals since it did not materially alter the support.
Pluri-metallic catalysts have been successfully synthesised on different supports
that is MWCNT and MWCNT/TiO2. According to the ECSA and the
electrochemical analysis, the trimetallic catalyst (30% PtRuV/MWCNT-TiO2) and
quarternary (30% PtRuVFe/MWCNT-TiO2) catalyst displayed better results
compared to PtRU/MWCNT which was a binary catalyst. XRD and HRTEM of

the catalysts that were analysed for their properties after the chemical vapour
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deposition method showed small metal particle size. These results indicated that
the additional metals integrated with Pt can reduce the particle size, and maintain
a high activity.

CV showed that the methanol oxidation reaction was enhanced depending upon
the percentage metal combination, when methanol is added in a sulphuric acid
solution. This has been observed for different percentage loadings of metals.
When TiO2 was added as a support (30%PtRuV/MWCNT-TIO2, 30%
PtRUVFe/MWCNT-TiO2) the methanol oxidation of the catalyst activity
increased. The over-potential decreased and current density increased, which
implied that the 30% PtRuV/MWCNT-TIiO2 catalysts was active for methanol
oxidation. The interaction of the second or the third or the fourth metal could thus
have a positive effect upon the activity of the catalysts. The catalytic activity of
the Pt based catalysts have been studied and found to be dependent on the
composition, structure, particle size and. support material. It is very important to
synthesise these metal particles as electro-catalytic materials with uniform size
and good dispersion on the support. Hence adding the non-noble metal and
catalytic support strategies will be able to increase performance and reducing the
cost of platinum catalyst. In this study it is concluded that MWCNTSs/ TiO2
proved to be the best support material, since catalysts supported on them showed
good MOR activity in acid electrolytes. All supported electro-catalysts showed
activities in the presence of methanol. As a result, the presence of the third and
fourth metal could enhance the reaction of methanol oxidation in direct methanol

fuel cells. Therefore, in order to reduce the metal loading of the expensive
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platinum, TiO2 with MWCNTs will work as support, as well as iron and

vanadium when added with ruthenium and platinum.

Recommendation

This study recommended that, for the better ECSA results ICP results should be
employed instead of the calculated platinum loading. The use of the plurimetallic
catalysts should be considered for CO tolerance. Catalyst supported on both

titanium oxide and MWCNTSs has shown that they are more stable.
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Appendices

Figure 1&2 represents the preparation of the catalysts,

Figure 3 pestle and mortar with MWCNT.

Figure 5: preparation for HRTEM
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Figure 0.1: 30% PtRUMWCNT (10mVs™?) catalyst with H2SO4
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Figure 0.2: 30% PtRUMWCNT (10mVs™) catalyst with H2SO4 and CH3OH
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Figure 0.3: 30% PtRUMWCNT (20mVs?) catalyst with H2SOs.
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Figure 0.4: 30% PtRUMWCNT (50mVs™?) catalyst with H2SO4
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Figure 0.5: 30% PtRUMWCNT (50mVs?) catalyst with H2SO4 + CH3OH.
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Figure 0.6: 30% PtRUVFeMWCNT/TiO2 (10mVs?) Catalyst with H2SOa.

seeer Hydrogen desorption
eak (Qr
0.0004 - P (Q ) Oxidation

—v

g—; L2
E 4/
semr / Reduction

04 [
Potential applied (V)

Figure 0.7: 30% PtRuVFeMWCNT/TiO2 (20mVs?) Catalyst with H2SOa.
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EHT = 5.00 kV Signal A = SE2 Date :29 Jan 2013
WD = 11.1 mm Mag = 60.00 K X Time :9:56:30

4: 3 (I): HRSEM image of a treated MWCNT

The following Figures 4.14-SEM micrograms represent untreated MWCNTS

EHT = 5.00 kv Signal A = $€2 Date 18 Jan 2013
WD=11.8mm Mag= 500KX Time :11:51:53

Figure 0.10: SEM images of Untreated MWCNTSs.
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- Calculations for theoretical platinum and other metal contents which were
synthesised using CVD method, wt % is shown below;
10% Pt/MWCNT catalyst
Mole of Pt = mole of Pt (acac):
= (mass of (ACAC)2 )/ ( molecular weight of Pt (acac)2

= 0.11205/ 393 = 2.85 x 10 mol
mass of Pt = (MW of Pt x mole Pt

=195 x 2.85 x 10 -4 = 55.57 mg
W% loading of Pt = massPt/ (mass Pt + (mass MWCNTS) x 100%

= 55.57/ (55.57+500)] x100% = 10%

20% Pt 20% Ru/MWCNT catalyst
Mole of Pt = mole of Pt (acac):

= (mass of (ACAC)2 Y/ ( molecular weight of Pt (acac)2
4
=0.335/393.29=8.52x10 mol
mass of Pt = (MW of Pt x mole Pt
4
=195x852x10 =166.14 mg

W1% loading of Pt = massPt/ (mass Pt + (mass MWCNTS) x 100%

= 55,57/ (55.57+500)] x100% = 10%

Mole of Ru = mole of Ru (acac)2
= (mass of (acac)z )/ ( molecular weight of Ru (acac)2
= 0.6548/ 381.43 = 1.722 x 10" mol

mass of Ru = (MW of Pt x mole Pt
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=101.07x1.72x 10 = 173.84 mg
W1t% loading of Pt = massPt/ (mass Pt + (mass Ru + mass MWCNTSs) x 100%
=166.14/ (166.14+173.84+500)] x100% = 19.8%
W1t% loading of Ru = massRu/ (mass Pt + (mass Ru + mass MWCNTS) x 100%
=173.84/ (166.14+173.84+500)] x100% = 20%

- Hydrogen desorption area on Auto lab software

Import the plot , peak search, choose the area of hydrogen desorption and obtain the peak area.
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