
ELECTROCHEMICAL RESPONSES OF NOVEL PREFERENTIALLY 

ORIENTED PLATINUM (100) NANOALLOYS FOR AMMONIA AND 

HYDRAZINE CATALYSIS 

STEPHEN NZIOKI MAILU 

B.Ed. (Sc.) First class Honours (Kenyatta University), MSc. (Cum Laude) (UWC) 

A thesis submitted in fulfilment of the requirement for the Degree of Philosophiae Doctor in 

the Department of Chemistry, University of the Western Cape, South Africa. 

Supervisor 

Professor Emmanuel I. Iwuoha 

Co-supervisor 

Professor Priscilla GL. Baker 

May, 2013. 

http://etd.uwc.ac.za/



UNIVERSITEIT VAN WES-KAAPLANO 
BIBLIOTEEK 

.tz,.? 12 t2__1 vi , 
LIBRARY 

UNIVERSITY OF THE WESTERN CAPE 

http://etd.uwc.ac.za/



KEYWORDS 

Electrochemical Responses of Novel Preferentially Oriented Platinum (100) Nanoalloys 

for Ammonia and Hydrazine Catalysis 

Stephen Nzioki Mailo 

Keywords 

Adatoms 

Ammonia oxidation 

Catalysts 

Current density 

Cyclic voltammetry 

Electrocatalyst 

Electrochemical impedance spectroscopy 

Hydrazine 

Hydrogen 

Metal nanoparticles 

Nanoalloys 

Nanoclusters 

Overpotential 

Preferentially oriented Pt(l 00) nanoparticles 

ii 

http://etd.uwc.ac.za/



ABSTRACT 

Electrochemical Responses of Novel Preferentially Oriented Platinum (100) Nanoalloys 

for Ammonia and Hydrazine Catalysis 

S.N. Mailu 

PhD Thesis, Department of Chemistry, University of the Western Cape, May 2013. 

Ammonia has attracted attention as a possible fuel for direct fuel cells since it is easy to 

handle under low pressure, costs only slightly higher than methanol and can easily be cracked 

down into hydrogen and nitrogen. At low temperature, ammonia oxidation on noble metal 

electrodes is a sluggish reaction and efficient catalysts are required to convert ammonia to 

nitrogen and hydrogen at reasonable reaction rates. In this thesis, I present polycrystalline and 

oriented nanoalloys synthesised at room temperature in aqueous media and their catalytic 

effects on the oxidation of ammonia. The electro-oxidation of ammonia on palladium-gold-

silver (PdAuAgNPs) ternary nanoalloys was systematically studied in alkaline solution of 

potassium hydroxide (KOH) by cyclic voltammetry (CV). The PdAuAg nanoalloys were 

prepared through a facile synthesis with ascorbic acid as a reductant and 

polyvinylpyrrolidone (PVP) as a stabilising agent from aqueous solutions of 

PdCh/HAuC14.3H2O/AgNO3 mixtures. UV-visible spectroscopy was used to confirm the 

complete reduction of the metal ions; absorption peaks observed at 260 nm, 285 nm and 420 

nm for Ag+, Au3+ and Pd2+ ions respectively, disappeared after reduction indicating a 

complete reduction of the metal ions to zero-valent nanoparticles. High resolution 

transmission electron microscopy (HR TEM) revealed the formation of crystalline non-

aggregated 25-35 nm sized nanoalloys. The elemental composition of the nanoalloys 
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measured using energy dispersive X-ray spectroscopy (EDX) showed the presence of the 

three elements; Pd, Au and Ag. The well-dispersed non-agglomerated PdAuAg nanoalloys 

exhibited a reduced overpotential and a 33%, 400%, 82% and 54% increase in current density 

for ammonia electro-oxidation compared to Pd, PdAg, PdAu nanoparticles and bare Pt 

electrode, respectively. The much improved current density of the well-dispersed PdAuAg 

nanoalloys is attributed to the increased electrochemically active surface area of the 

nanoalloys. This electrocatalytic behaviour of the PdAuAg nanoalloys for ammonia oxidation 

in KOH solutions provides a promising route for development of low-cost and high-

performance electrocatalyst for electro-oxidation of ammonia. 

Moreover, ammonia oxidation on platinum surfaces has been found to be a very structure-

sensitive reaction which takes place almost exclusively on Pt(l 00) surfaces. I report for the 

first time the preparation of sodium polyacrylate-capped Pt(lO0)Pd, Pt(lO0)Au, Pt(lO0)Ir, 

Pt(l00)Rh, Pt(lO0)PdAu, Pt(l00)IrAu, Pt(l00)Pdlr and Pt(l00)RhAu nanoalloys. The 

reduction of the metal ions to nanoparticles was confirmed by UV-visible spectroscopy while 

the shapes and the structures of the nanoparticles were studied using HR TEM and CV. 

HRTEM analysis showed well distributed non-agglomerated 5-20 nm semi-spherical and 

cubic nanoalloys with lattice fridges on their surfaces indicating the crystalline nature of the 

nanoalloys. Pt(l 00) nanoalloy systems showed particles with triangular and cubic shapes. 

The existence of the preferentially cubic shaped nanoparticles in the samples indicated that 

the nanoalloys had some (100) sites orientation/a significant amount of (100) sites at their 

surfaces. The CV of the nanoparticles in the hydrogen adsorption/desorption region (-200 mV 

to 100 m V vs. Ag/ AgCl) was used to obtain qualitative information about the surface 

structure of the nanoparticles. The voltarnmogram of oriented Pt(l 00) nanoparticles showed 

very clearly the presence of adsorption states associated with (110) sites, (100) domains and 
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(100) sites at -131 mV, -34 mV and 29 mV, respectively. The comparison of this

voltammetric profile with that obtained for a Pt(l00) single crystal electrode clearly points 

out that the synthesised Pt nanoparticles have a high density of ( 100) sites. However, the peak 

that was observed at 29 mV in the CV of Pt(l00) nanoparticles was not present in the 

voltammograms of the Pt(l 00) nanoalloy systems confirming the formation of the 

nanoalloys. The results reported in this work demonstrate the importance of controlling the 

intrinsic structural properties of Pt nanoparticles; in terms of nature of the active sites and the 

effect of  adding adatoms (such as Au, Pd, Rh, Ir) in order to understand their catalytic 

properties. The electrochemical activities of these nanoparticles for ammonia oxidation in 

basic medium showed an increase of over 100% current density compared to Pt electrode. 

Pt(l 00)RhAu nanoalloys showed the highest catalytic properties while Pt(l 00)PdAu had the 

lowest as shown in the trend: Pt(l00)RhAu > Pt(l00)Pdlr > Pt(l00) > Pt(lO0)IrAu > 

Pt(l00)Pd > Pt(lO0)Rh > Pt(l00)Au > Pt(l00)Ir > Pt(lO0)PdAu. 

The synthesised oriented nanoalloys were further interrogated towards the oxidation of 

hydrazine as a fuel for hydrazine fuel cells. The oriented Pt(lO0) nanoparticles and Pt(l00) 

nanoalloy systems exhibited over 1000% increase in current density and reduced oxidation 

overpotential compared to bare glassy carbon electrode. These excellent catalytic properties 

are attributed to the increased surface area and the presence of (100) sites which favour the 

oxidation of hydrazine. 
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DON'T QUIT 

When things go wrong, as they sometimes will, 

When the road you're trudging seems all uphill, 

When the funds are low and the debts are high, 

And you want to smile but you have to sigh, 

When care is pressing you down a bit, 

Rest if you must, but don't you quit. 

Life is queer with its twists and turns 

As every one of us sometimes learns; 

And many a failure turns about 

When he might have won had he stuck it out. 

Don't give up though the pace seems slow; 

You may succeed with another blow! 

Success is failure turned inside out, 

The silver tint of the clouds of doubt; 

And you never can tell how close you are, 

It may be near when it seems so far. 

So stick to the fight when you're hardest hit; 

It's when things seem worst that you mustn't quit. 

Unknown author 
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CHAPTER ONE 

INTRODUCTION 

Summary 

This chapter gives a brief background on the aspects involved in this project namely, fuel 

cells and nanoalloys with particular emphasis on the use o f  nanoalloys as electrocatalysts for 

the oxidation o f  ammonia and hydrazine. The focus in this chapter is the relationship between 

the structure o f  the nanoalloys and their catalytic effects. The project's rationale and 

motivation, the aim and specific objectives and the thesis outline are also included in the 

chapter. 
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1.1 Background information 

Fuel cells are increasing in popularity as alternative energy suppliers. They have the potential 

to revolutionise the way we power our nation, offering cleaner, more-efficient alternatives to 

the combustion of gasoline and other fossil fuels. They also have the potential to replace the 

internal combustion engine in vehicles and provide power in stationary and portable power 

applications because they are energy-efficient, clean, and fuel-flexible [1-2]. Electric energy 

generated by the fuel cell can either be stored in batteries or used directly to feed an electric 

motor to power an electric vehicle. The commonly used fuels in fuel cells are hydrogen, 

hydrazine, methanol and ethanol [3-4]. The combustion of hydrocarbons and alcohols such as 

methanol and ethanol generate various pollutant gases such as carbon monoxide, carbon 

dioxide and ozone which lead to environmental hazards or pollution. Hydrogen and 

hydrazine have been identified as suitable fuels for fuel cells. However, one problem with 

hydrogen is its safe handling, although it is the main fuel source for power generation in 

many of  the fuel cells. Its storage and transportation is a major issue. The use of hydrogen as 

a fuel for wide-spread distribution in either gaseous or liquid form poses numerous safety, 

technical, and economic problems that make its use as a fuel prohibitively difficult [5]. In the 

absence of a hydrogen pipeline network, small-scale users purchase merchant hydrogen as 

compressed gas in steel cylinders, or as liquid hydrogen in cryogenic containers which is 

quite dangerous [ 6]. 

Moreover, interest in hydrogen fuel-cell vehicles (HFCVs) has been increasing in popularity 

over the past decade. This is primarily a result of the shrinking oil reserves which are 

expected to last only 42 years as of 1998 [7]. HFCV s have also found a niche in the 

environmental and political fields because the scientific community has begun to 

acknowledge the threat posed by harmful air pollutants such as nitrogen oxides (NO x), 
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volatile organic compounds (VOCs), carbon monoxide (CO), and sulphur dioxide (SO2) 

caused by hydrocarbon-dependent vehicles [8-9]. In addition to being environmentally 

friendly, HFCVs are efficient and convert 50-60% of the energy available in hydrogen to 

power the automobile rather than the mediocre 20-30% efficiency of today's internal 

combustion engines [ 10-11]. The demand for the use of hydrogen is not only driven by the 

transportation sector but by a movement for reducing oil imports in general and eliminating 

the dependence on petroleum for daily energy production. By 2020, the world population is 

expected to increase from 6 to 7.4 billion. Understandably, the energy demand is expected to 

increase from 101 x 10 12 to 160 x 10 12 kWh [7]. Thus, there is a need for a movement to 

refocus attention on in-situ hydrogen generating technologies for fuel cell utilisation. For a 

hydrogen economy to evolve in our lifetime, hydrogen will need to be produced, distributed, 

and stored on a mass scale in a manner that is cost effective, environmentally advantageous 

and efficient. One approach to resolve the drawbacks of hydrogen as a fuel includes 

considering less expensive and simpler materials that can act as hydrogen carrier. Several on-

site methods of producing hydrogen have been considered; for example, water electrolysis, 

by reforming of alcohols, hydrocarbons and by dissociation of liquid ammonia. Liquid 

ammonia has been identified as a suitable hydrogen carrier. It offers a significant advantage 

over pure hydrogen in cost and it is a convenient way of storing hydrogen as an alternative 

fuel for clean energy supply [12]. It contains 1.7 times the amount of hydrogen that is 

contained in the same volume of liquid hydrogen, boasts a specific energy density 50% 

higher than liquid hydrogen for a given volume, is characterised by being produced in large 

quantities, non-flammable and is readily obtained and handled in liquid form without need for 

expensive and complicated refrigeration technology [13-14]. Moreover, it has a higher power 

density and lower cost per kW than methanol and can be electrolysed to release hydrogen and 

nitrogen with minimum effects to the environment [14]. Liquid ammonia is therefore an 
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excellent storage medium for hydrogen even though the endothermic ammonia cracking 

results in some efficiency penalty. Ammonia can be cracked into hydrogen and nitrogen in a 

suitable separation unit according to the reaction: 2 NH3(g)   N 2(g ) + 3H2(g) . The dissociation 

rate is dependent on temperature, pressure and catalysts [14]. Since the cracking of ammonia 

is a slow process, there is a need for use of a suitable catalyst to aid in faster dissociation of 

the ammonia to nitrogen and hydrogen. 

Several studies have been devoted to the development of efficient catalysts for ammonia 

oxidation in alkaline and neutral solutions. Platinum is the most active catalyst for this 

process, however it is expensive and gets deactivated easily by adsorbed nitrogen CNacts)- To 

lower the deactivation rate of Pt, various bimetallic catalysts have previously been 

investigated such as Pt-Ir, Pt-Ir-Rh, Pt-Ru, Pt-Ni and Pt-Pd [15-20]. Moreover, ammonia 

electro-oxidation has also been studied using metal oxide electrodes, e.g. IrO2, PtOx-IrOx and 

Ni/NiOx electrodes in alkaline and neutral solutions [21-25]. Most of these reactions were 

done using bulk metal or metal oxide electrodes with high precious metal loading. In order to 

develop efficient and economically viable electrodes, the amount of precious metals must be 

reduced. This can be achieved by using electrocatalysts in the form of nanoparticles which 

are considered as required materials for practical purposes [15] and which are known to 

improve the reaction rates of systems they catalyse due to their better physicochemical 

properties [26-27]. However, it has been found that majority of the electrocatalytic reactions 

such as 0 2 reduction, N2H4 oxidation, CO2 reduction and ammonia oxidation are structure-

sensitive or site demanding; thus controlling the crystallographic surface orientation of Pt and 

Pt based nanoparticles could result in much improved catalysts [28]. Ammonia oxidation on 

platinum surfaces being a very structure-sensitive reaction occurs predominantly on Pt(IO0) 

sites [29]. Therefore, in order to develop good electrocatalysts for the oxidation of ammonia, 
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a major goal would be the preparation of nanoparticles with the largest density of Pt(l 00) 

sites. Vidal-Iglesias et al. studied the oxidation of ammonia using Pt-based nanoparticles (Pt-

Ir, Pt-Rh, Pt-Pd, Pt-Ru) and preferentially oriented Pt(l00) nanoparticles [30]. The authors 

showed that Pt(l 00) nanoparticles had higher current density than polycrystalline Pt 

nanoparticles and Pt-based nanoparticles towards the oxidation of ammonia denoting that the 

reaction is highly surface-sensitive and takes place almost exclusively on Pt(l 00) domains. 

Extensive studies have also been done on the use of model electrodes (single crystal 

electrodes) towards the oxidation of ammonia with Pt(l 00) single crystal electrodes showing 

the highest electrocatalytic effect [29]. It is well known that bimetallic and multi-metallic 

nanoparticles show higher catalytic properties than monometallic nanoparticles [31-34]. 

Alloying Pt(IO0) with other metals is expected to show better catalytic properties due to the 

unique synergistic properties that is exhibited by nanoalloys [35]. The catalytic effect that 

exists in Pt(l 00) nanoparticles upon the inclusion of adatoms such as Au, Pd, Rh and Ir to 

form binary and ternary nanoalloys as electrocatalysts for the oxidation of ammonia is worth 

investigating. 

On the other hand, hydrazine is also considered a potential fuel to power fuel cells for mobile 

applications [3]. Carbon-free fuel such as hydrazine (N2H4) is of particular interest since its 

consumption yields N2 as the main product [36]. The utilisation of hydrazine for direct 

hydrazine fuel cells (DHFCs) in an alkaline electrolyte solution has been suggested since the 

1960s [37]. However, a report on the toxicity of hydrazine published in 1977 hindered further 

research on DHFCs as it was reported that hydrazine is both highly toxic and mutagenic [37]. 

Daihatsu Motor Co. addressed the toxicity concerns of using hydrazine by developing a 

detoxification technique in which hydrazine is safely stored as hydrazone (>C=N-NH2) or 
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hydrazide (-CO-NH-NH2). Hydrazine is then released by the addition of a solvent when 

required [3 7]. 

Hydrazine (N2H4) is a compound with high hydrogen content (12.5 wt.%). Its hydrogen 

storage capability is higher than that of sodium borohydride (10.6 wt.%) and equivalent to 

that of methanol [3-4]. Direct hydrazine fuel cells (DHFCs) demonstrate a high electric 

motive force (EMF) of 1.61 V which is close to that of the direct borohydride fuel cell 

(DBFC) (1.64 V) and higher than that of direct methanol fuel cell (DMFC) (1.21 V). When 

hydrazine is used as a fuel to power the DHFCs, nitrogen and water are formed as shown in 

the following reaction [3]: 

JfJ = 1.61 V (1) 

Nitrogen and water can be directly released to air without any harm to environment. This 

makes the fuel cell system design of the DHFC very simple. More so, nitrogen as the raw 

material for hydrazine synthesis can easily be obtained from air. The theoretical cell voltage 

for a direct hydrazine fuel cell is 1.56 V, higher than that of a hydrogen fuel cell. The 

electrochemical half-reactions are as follows: 

Anode reaction: 

N2H 40l +4OH-(aql  N 2<:i, l + 4 H2Oul +4e-

Cathode reaction: 

O2Cgl + 2H2O0l +4e-  4OH-caql 

Overall cell reaction: 
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A number of different catalysts have been reported for the anodic oxidation of hydrazine. 

Among these catalysts are Pt, Pd, Ag, Au, Hg, and Co [37]. However, the oxidation of 

hydrazine on these electrodes has been shown to exhibit high overpotentials and less power 

density [28]. Hydrazine oxidation is a structure-sensitive reaction and the employment of 

binary and ternary metal catalytic systems with (100) domains is expected to provide 

stability, increased reactivity and functionality over single-metal catalytic systems [28]. 

This dissertation covers the improvements of ammonia and hydrazine oxidation in alkaline 

and neutral media using Pt(l 00) based nanoalloys. Novel preferentially oriented Pt(l 00) 

based binary and ternary ultrasensitive nanoalloys will be synthesised and interrogated as 

electrocatalysts towards the electrocatalytic oxidation of ammonia and hydrazine for fuel cell 

applications. 11 II

-
II J .l I 1cli  I L  � 

'lie... 
1.2 Problem stateme nt II 

The problem that prevails currently with the production of hydrogen from the electro-

oxidation of ammonia involves the slow kinetics of the reaction: 2 NH3(J!.)   N2(J!. ) + 3H2(J!. ) . 

Though expensive, platinum is commonly used to improve the kinetics of  ammonia electro-

oxidation reaction [14]. Previous studies have centred on the research for cheaper alternative 

electrocatalysts for the reaction. Miura et al. [38-40] performed a series of experiments on 

ammonia electro-oxidation on noble metal Pt and Pt-Me (Me = Ni, Ir, Ru, Cu) binary alloys. 

Single crystal surfaces have also been investigated and found out to be good materials for the 

electro-oxidation of ammonia. Rosca and Koper [ 41] investigated the ammonia electro-

oxidation on Pt( 100) and Pt( 111) surfaces and proposed the ammonia oxidation mechanism. 

Despite all these attempts, the rate of ammonia cracking has remained slow resulting in the 
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need to search for better electrocatalysts to accelerate it. Moreover, hydrazine has been 

identified as a suitable fuel for fuel cells. However, its oxidation on electrodes has been 

shown to occur with low current densities and high overpotentials demanding the search for 

suitable catalysts. In this study, preferentially oriented platinum (100) based nanoalloy 

electrocatalysts with high reaction time, low overpotential and high current density will be 

synthesised and used as electrocatalysts for the oxidation of ammonia and hydrazine. 

1.3 Rationale and motivation 

Ammonia is one of the highly used commodity chemicals in the world; its storage, 

transportation, and handling procedures are well known and documented [12]. The use of 

ammonia as a feedstock for hydrogen production via catalytic cracking has been researched 

as early as the 1960's due to the high hydrogen density of the molecule. It contains as much 

as 1. 7 times the amount of hydrogen that is contained in the same volume of liquid hydrogen. 

However, the catalytic cracking process requires high temperatures, is a slow process, proves 

to have a low efficiency and requires purification of the production gases [ 42]. The electro-

oxidation of ammonia, conversely, can be carried out at ambient temperature, has an 

efficiency of 100% on platinum catalysts and produces pure streams of nitrogen and 

hydrogen gases [43]. On the other hand, the oxidation of hydrazine on these electrodes has 

shown to exhibit larger overpotentials and less power density. Based on their better 

physicochemical properties, nanostructured materials are known to improve the reaction rates 

of systems they catalyse [26]. The incorporation of the nanomaterials and the platinum 

catalysts is expected to offer better catalytic properties compared to Pt catalysts alone. This 

research will therefore involve the development of novel electrocatalysts (nanoalloys), 

combining the high surface area of nanomaterials and the Pt(l 00) catalysts. The 
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electrocatalysts will involve ultrasensitive nanostructured binary and ternary nanoalloys of 

platinum group metals (PG Ms) and some selected transition metals such as Au and Ag. 

1.4 Research aim and objectives 

1.4.1 Aim 

The aim of this research is to examine the electro-oxidation of ammonia and hydrazine using 

novel electrocatalysts. The electrocatalysts will be based on the use of Pd and ultrasensitive 

nanostructured oriented Pt( 100) nanoalloy systems. 

1.4.2 Objectives 

The objectives of this study include: 

1. To chemically synthesise novel PdAu, PdAg, and PdAuAg nanoalloys

2. To chemically synthesise novel oriented Pt(IO0) based nanoalloys such as Pt(l 00)Pd,

Pt(I00)Au, Pt(I00)Ir, Pt(IO0)Rh, Pt(l00)PdAu, Pt(IO0)Pdlr, Pt(lO0)lrAu and

Pt(l 00)RhAu.

3. To interrogate the structural, spectroscopic and electrochemical characteristics of the

nanoalloys using techniques such as high resolution transmission microscopy

(HRTEM), energy dispersive x-ray spectroscopy (EDX), atomic force microscopy

(AFM), electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV)

and UV-visible spectroscopy.

4. To investigate the electrocatalytic effect of the Pd and oriented Pt(l 00) based

nanoalloy systems towards the catalytic oxidation of ammonia and hydrazine.
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1.5 Research framework 

In line with the study objectives, the research framework is shown on the scheme below . 

• '

Scheme 1: Research framework. 
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1.6 Thesis statement 

Preferentially oriented platinum (100) nanoalloy systems should have suitable 

electrochemical and electrocatalytic properties that make them applicable as electrocatalysts 

for the oxidation of ammonia and hydrazine. 

1. 7 Thesis outline

This thesis consists of eight chapters and will be presented as outlined below: 

Chapter 1 presents a brief background on the aspects involved in this project namely; fuel 

cells and nanoalloys with particular emphasis on the use of the nanoalloys as electrocatalysts 

for the oxidation of ammonia and hydrazine. Also included in the chapter are the project's 

rationale and motivation, the research aim and the thesis outline. 

Chapter 2 provides a detailed literature review comprising of definition of fuel cells, their 

principle of working, classification and their sources of fuel. The unique electrocatalytic 

properties of nanoalloys, their method of synthesis and their possible applications have also 

been focused in this chapter. The chapter will also cover a brief background of the 

characterisation techniques used in this study, mainly cyclic voltammetry (CV), square wave 

voltarnmetry (SWV), electrochemical impedance spectroscopy (EIS), UV -visible 

spectroscopy, atomic force microscopy (AFM), and high resolution transmission electron 

microscopy (HR TEM). 

Chapter 3 consists of the general experimental procedures used for the success of  this work. 

Also included in this chapter are the list of materials and instruments used. 
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Chapter 4 provides the morphological, spectroscopic and amperometric results obtained 

from the characterisation of PdAu, PdAg and PdAuAg nanoalloys and the subsequent 

application of the nanoalloys in the oxidation of ammonia. 

Chapter 5 illustrates the morphological, spectroscopic and amperometric results obtained 

from the characterisation of oriented Pt(IO0), Pt(IO0)Pd, Pt(l00)Au and Pt(l00)PdAu 

nanoparticles and their catalytic effects in ammonia oxidation. 

Chapter 6 consists of results on the morphological, spectroscopic and amperometric 

characterisation results of oriented Pt(l00)Ir, Pt(IO0)Rh, Pt(lO0)IrAu, Pt(l00)Pdlr and 

Pt(l00)RhAu nanoalloys and the subsequent application of the nanoalloys in the oxidation of 

ammoma. 

Chapter 7 presents the results on the catalytic properties of the oriented nanoalloys towards 

the oxidation of hydrazine. 

Chapter 8 outlines the general conclusion, recommendations and future work. 

The following chapter provides the literature review. 

12 

http://etd.uwc.ac.za/



CHAPTER TWO 

LITERATURE REVIEW 

Summary 

This chapter is an elaborated follow up o f  chapter one. Based on the ever increasing energy 

consumption, rising public awareness for environmental protection and existing nature o f  

fossil fuels, there is a need to focus on alternative energy sources. Fuel cells play an 

important role in meeting the consumers' energy demands. This chapter focuses on the 

definition o f  fuel cells, their principle o f  working, classification and their sources o f  fuel. 

Hydrogen fuel cells are discussed with specific focus on ammonia as a hydrogen carrier. The 

chapter also focuses on hydrazine as a fuel for fuel cells. Since the decomposition o f  

ammonia is a slow process and hydrazine oxidation on electrodes results in high 

overpotentials, nanomaterials in the form o f  nanoalloys are discussed as possible 

electrocatalysts. The unique electrocatalytic properties, the methods o f  synthesising the 

nanoalloys and their characterisation techniques are also discussed in this chapter. 
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2.1 Fuel cells 

2.1.1 Introduction 

Ever increasing energy consumption, rising public awareness for environmental protection 

and existing nature of fossil fuels demands the need to focus on renewable energy sources. 

The small-scale generation systems such as wind turbine, photovoltaic, micro-turbines and 

fuel cells play an important role to meet consumers' demand using concepts of distributed 

generation which entails location of small-scale generation systems closer to the customers 

rather than central or remote locations [44]. These distributed generation systems have 

several major benefits which include; saving in losses over long transmission and distribution 

lines, installation cost, local voltage regulation and the ability to add a small unit instead of a 

larger one during peak load conditions [ 45]. Among the different distributed generations, 

more attention is being focussed on fuel cells because they have the potential capability of 

providing both heat and power. 

Fuel cells are static energy conversion devices that convert chemical reaction of the fuels 

used, directly into electrical energy and produces water as its by-product [46-47]. Electricity 

is generated from a reaction between a fuel supply such as hydrogen and an oxidising agent 

( e.g. oxygen). The reactants flow into the cell, and the reaction products flow out of it, while 

the electrolyte remains within it. Fuel cells can operate continuously as long as the necessary 

reactant and oxidant flow is maintained. They are different from conventional 

electrochemical cell batteries in that they consume reactant from an external source, which 

must be continuously replenished [ 48]. They combine the best features of engines and 

batteries; can operate for as long as fuel is available without any intermediate mechanical 

energy conversion and their characteristics are similar to those of a battery under load 

conditions [49]. Table 1 shows a comparison of different generation systems. It can be 
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observed that the efficiency of fuel cells is always higher as compared with conventional 

systems and other distributed generation systems. Moreover, fuel cells offer more advantages 

such as high energy conversion efficiency, zero emission, modularity, scalability, quick 

installation as well as gives good opportunities for cogeneration operations as compared to 

other distributed generation technologies [50]. 

Table 1: Comparison of different generation systems. 

Capacity 
Range 

Efficiency 

Capital Cost 
($/kW) 

0 & M Cost 
($/kW) 

Reciprocating 
engine: diesel 

500 kW to 5 
MW 

35% 

200-350

0.005-0.015 

- - -

2.1.2 Fuel cells technology 

Turbine 
generator 

500 kW to 25 
MW 

29-42%

450-870
II 

0.005-0.0065 

- - - - - -

Photo Wind 
' voltaics turbine 

1 kW to 1 10 kW to 
MW l M W

6-19% 25% 

6600 1000 
Ill 

0.001-0.004 0.01 

- - - - - - - -

Fuel cells 

200 kW to 2 
MW 

40-60%

1500-3000 

0.002-0.153 

The basic principle of the fuel cell was discovered in the year 1838 by Swiss scientist 

Christian Friedrich Schonbein [44]. In 1839 Sir William Grove developed the first fuel cell 

based on reversing the electrolysis of water by sheer accident [47]. In 1950 Francis Bacon at 

Cambridge University demonstrated the first 5 kW alkaline fuel cell [44]. After the successful 

development of alkaline fuel cell, National Aeronautics and Space Administration (NASA) 

needed a compact system to generate electricity for space shuttle applications. In 1970s, 

international fuel cells developed a 12 kW alkaline fuel cell for NASA's space shuttle orbiter 

which supplied reliable power without the use of any backup power like batteries. In the mid-

1960s, the research work was focused on further development of various fuel cells for 

applications in stationary powers and transportations. In all these attempts, the high cost of 

15 

http://etd.uwc.ac.za/



installation of fuel cells has been a major drawback to fuel cell technology. However, after 

the development of power conversion devices, much research has been directed towards 

reducing the high installation cost of the fuel cells [ 44]. 

2.1.3 Operating principle of fuel cells 

A fuel cell is an energy conversion device that converts the chemical energy of a reaction 

directly into electricity with by-products as water and heat [51]. The structure of a simplified 

fuel cell is shown in Figure 1 [48]. The fuel cell is made up of three segments: the anode, the 

electrolyte, and the cathode. Two different chemical reactions occur at the interfaces of the 

three different segments. The net result of the two reactions is that the fuel is consumed, 

water or carbon dioxide is liberated, and an electric current is generated, which can be used to 

power electrical devices, normally referred to as the load. At the anode, a catalyst oxidises the 

fuel, usually hydrogen, turning the fuel into a positively charged ion and a negatively charged 

electron. The electrolyte is a medium specifically designed so that ions can pass through it, 

but the electrons cannot. The free electrons travel through a wire from the anode to the 

cathode creating electric current. The ions travel through the electrolyte to the cathode. On 

reaching the cathode, the ions are reunited with the electrons whereby they react with a third 

chemical, usually oxygen or an oxidizing agent, to form water. The chemical reactions 

involved in the anode and cathode and its overall reactions are given as follows: 

Anode reaction: 

(5) 

Cathode reaction: 

(6) 
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Overall reaction: 

--->2e-Load 

Fuel in ------i, 

H2 

10n 

E x c e s s  fuel j 

Anode 

Figure 1: Fuel cell operation diagram (48]. 

2.1.4 Classification of fuel cells 

l Oxidant in 

L Depleted  oxidant a n d  
product  gases  out 

Cathode 

(7) 

The fuel cells are classified according to the choice of electrolyte and fuel. There are six 

major different types of fuel cells, namely; 

(i) Proton exchange membrane fuel cell (PEMFC)

(a) Direct formic acid fuel cell (DFAFC)

(b) Direct Ethanol Fuel Cell (DEFC)

17 

http://etd.uwc.ac.za/



(ii) Alkaline fuel cell (AFC)

(a) Proton ceramic fuel cell (PCFC)

(b) Direct borohydride fuel cell (DBFC)

(iii) Phosphoric acid fuel cell (P AFC)

(iv) Molten carbonate fuel cell (MCFC)

(v) Solid oxide fuel cell (SOFC)

(vi) Direct methanol fuel cell (DMFC)

They are further classified on the basis of operating temperatures. The low operating 

temperature is in the range of 50-250 °C for fuel cells such as PEMFC, AFC and P AFC, and 

high operating temperature is in the range of  650-1000 °C like MCFC and SOFC [44]. 

2.1.4.1 Proton exchange membrane fuel cell (PEMFC) 

The PEMFC uses a solid polymer electrolyte (Teflon-like membrane) to exchange the ions 

between two porous electrodes, which is an excellent conductor of protons and an insulator 

for electrons [44]. Its major fuel is hydrogen. The operating temperature of the fuel cell is as 

low as around 100 °C. The chemical reactions involved at the anode and cathode and their 

overall reactions are given in equations 5-7 (refer to section 2.1.3) [52]. The PEMFC has 

several advantages such as its higher power density and quick start up for automotive 

vehicles. The low operating temperature makes the technology viable in transportation and 

commercial applications like laptop computers, bicycle, and mobile phones. The major 

drawbacks of the PEM fuel cell are its low operating efficiency (40-45%) and use of high 

cost platinum as a catalyst at the anode. It is also intolerant to carbon monoxide [44]. 
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2.1.4.1.1 Direct formic acid fuel cell (DFAFC) 

Formic acid (HCOOH) consisting of small organic molecules is directly fed to the anode 

electrode as the fuel. Formic acid does not crossover the polymer (electrolyte) rendering it a 

higher efficiency (20-40%) as compared to when methanol is used [44]. The DFAFC 

produces an open circuit voltage of 0.55 V at an operating temperature of 60 °C which is very 

low compared to the theoretical value of 1.45 V [53]. It is considered as a safer fuel in case of 

leakage in the fuel tank. The major drawback of this kind of fuel cell is the high 

electrochemical over voltage during loading conditions by using platinum as a catalyst [44]. 

2.1.4.1.2 Direct ethanol fuel cell (DEFC) 

The major fuel for DEFC is ethanol. The ethanol fuel can easily be extracted from biomass 

through fermentation process from renewable energy sources such as sugar cane, wheat, com 

or even straw. At the anode, the liquid ethanol is oxidised to generate CO2, in addition to 

hydrogen ions and electrons. The reaction involved at cathode is the same as PEMFC and the 

generated voltage at its terminal is in the range of 0.5-0.9 V [44]. 

2.1.4.2 Alkaline fuel cell (AFC) 

Alkaline fuel cell was invented by Bacon (British scientist) hence also called Bacon fuel cell 

[ 44]. It operates at a low temperature of around 100 °C like PEMFC and it has the capability 

to reach 60-70% of its efficiency. It uses an aqueous solution of potassium hydroxide (KOH) 

as an electrolyte and hydrogen as the fuel. Negatively charged ions are transported from 

anode to cathode and water is released as its by-product. The major advantage of this kind of 

fuel cell is that it gives a quick start [44]. However, it is very sensitive to CO2 because it takes 

more time to react and consumes the alkaline in the electrolyte thereby reducing the 

concentration of hydroxide ions during chemical reactions [54-55]. AFC needs a separate 
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system to remove the CO2 from the air. The use of a corrosive electrolyte is also a 

disadvantage because it has shorter life span. These shortcomings render AFC commercially 

inapplicable. 

2.1.4.2.1 Proton ceramic fuel cell (PCFC) 

PCFC is a relatively new type of a fuel cell whose electrolyte is a ceramic material. It is 

operated at high temperature of 750 °C and can electrochemically oxidise gaseous molecules 

of the hydrocarbon fuel directly supplied to the anode without the need of additional reformer 

[ 44]. PCFC has a solid electrolyte, so the membrane cannot dry out as with PEMFCs or the 

liquid cannot leak out as with PAFCs [44]. The open circuit voltage produced by the PCFC is 

almost close to the theoretical value. The major drawback of PCFC is the low current density 

that can be increased by reducing the electrolyte thickness, improved conductivity and 

optimised electrodes [44]. 

2.1.4.2.2. Direct borohydride fuel cell (DBFC) 

Sodium borohydride (NaBH4) is used as input fuel mixed with water to generate hydrogen by 

decomposing it into NaBO2 and H2 gas. The DBFC operates at low temperature of 70 °C. 

The major advantages of DBFC are high power density, no need of expensive platinum 

catalyst and high open circuit cell voltage (about 1.64 V). However, the efficiency of the 

DBFC is as low as 35% and the cost of the sodium borohydride is too expensive for portable 

power applications [44]. However, research is focused on the development of increased 

efficiency with the aim of minimising the borohydride hydrolysis by using different catalyst 

such as Au, Ni, and Pd [ 44]. 
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2.1.4.3 Phosphoric acid fuel cell (P AFC) 

The phosphoric acid fuel cell operates at a temperature range of 175-200 °C which is almost 

double that of PEMFC. It utilises a liquid phosphoric acid as an electrode. Unlike the PEMFC 

and AFC, it is very tolerant to impurities in the reformed hydrocarbon fuels. The chemical 

reaction involved in this fuel cell is the same as that of PEMF where pure hydrogen is used as 

its input fuel [54]. The drawbacks of PAFC are the same as those of PEMFC and its cost also 

increases due to use of platinum as a catalyst. 

2.1.4.4 Molten carbonate fuel cell (MCFC) 

The molten carbonate fuel cell operates at very high temperature, which is about 600-700 °C. 

It consists of two porous electrodes with good conductivity which is in contact with a molten 

carbonate cell. Due to its internal reforming capability, it separates the hydrogen from carbon 

monoxide fuel and decomposition of hydrogen is taken through the water shift reaction to 

produce hydrogen. The resultant reaction occurs as it does in PEMFC to produce electricity. 

The major advantages of MCFC include higher efficiency (50-60%), no need of metal 

catalyst as well as a separate reformer due to its high operating temperature [54]. This fuel 

cell is intolerant to sulphur and has a slow start up. It is mainly used for medium and large 

power applications. 

2.1.4.5 Solid oxide fuel cell (SOFC) 

The SOFC produces electricity at a high operating temperature of about 1000 °C. They use 

dense yttria stabilised zirconia, which is a solid ceramic material as its electrolyte. The main 

advantages of the SOFC is that they have a high efficiency of 50-60% and a separate 

reformer is not required to extract hydrogen from the fuel due to its internal reforming 

capability. Waste heat can be recycled to make additional electricity by cogeneration 
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operation [54]. The slow start up, high cost and intolerant to sulphur content of the fuel cell 

are some of its drawbacks. SOFC is mainly used for medium and large power applications. 

2.1.4.6 Direct methanol fuel cell (DMFC) 

The DMFC technology is relatively new as compared to the rest of the fuel cells. Like 

PEMFC, the DMFC uses polymer electrolyte but uses liquid methanol or alcohol as fuel 

instead of reformed hydrogen fuel. During chemical reactions, the anode draws hydrogen by 

dissolving liquid methanol in water eliminating the need for an external reformer. At the 

cathode, the recombination of the positive ions and negative ions takes place, which are 

supplied from anode through the external circuit and combines with oxidised air to produce 

water as a by-product. Normally a single DMFC can supply a power density of about 0.3-0.5 

V under loaded conditions. It is mainly used in cameras, notebook computers and other 

portable electronic applications in the range of 1 W to 1 kW capacity. The main advantage of 

DMFC is that the anode catalyst itself draws the hydrogen from the methanol and reduces the 

overall cost due to the absence of reformer [44]. Its characteristics are similar to those of 

PEMFC. However, its performance is limited by two important factors; crossover of  

methanol from anode to cathode which lowers the system efficiency and the slow kinetics of 

the electrochemical oxidation of methanol at the anode [56]. 

2.1.5 Sources of fuel for fuel cells 

The commonly used fuels in fuel cells are hydrogen gas, methanol, ethanol, sodium 

borohydride, formic acid, hydrazine and hydrocarbons. However, sodium borohydride is too 

expensive for portable power applications and the combustion of hydrocarbons and alcohols 

such as methanol and ethanol in air generates various pollutant gases, including carbon 

monoxide, carbon dioxide and ozone which lead to environmental pollution [44]. Hydrogen 
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and hydrazine are the .maJor fuel for fuel cells based on their few ill effects to the 

environment. In our study and discussion, more attention has been paid to hydrogen gas and 

hydrazine as the main fuel for fuel cells. 

2.1.5.1 Hydrogen gas 

Hydrogen is the main fuel source for power generation in fuel cells based on its few ill effects 

to the environment. The chemical reaction for the breakdown of hydrogen gas to release 

energy is described in equations 5-7 (refer to section 2.1.3). However, its storage and 

transportation are still major issues. Its use as a fuel for wide-spread distribution in either 

gaseous or liquid form poses numerous safety, technical, and economic problems that make 

its use as a fuel prohibitively difficult. In the absence of a hydrogen pipeline network, small-

scale users purchase merchant hydrogen as compressed gas in steel cylinders, or as liquid 

hydrogen in cryogenic containers. One approach to resolve the drawbacks of hydrogen as a 

fuel includes considering less expensive, simpler, and cheaper materials that can act as 

hydrogen carrier. This has been done through storing and transporting hydrogen via other 

chemical compounds, such as alcohols, hydrocarbons and ammonia. Ammonia is the best 

option so far as a major source of hydrogen gas based on its less ill effects on the 

environment. This study pays more attention to ammonia as a major source of hydrogen gas. 

2.1.5.1.1 Oxidation of ammonia for hydrogen production 

Liquid ammonia has been identified as a suitable hydrogen carrier. It offers a significant 

advantage in terms of cost and convenience over pure hydrogen and is a convenient way of 

storing supplies of hydrogen as an alternative fuel for clean energy supply [12]. It contains 
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1. 7 times the amount of hydrogen that is contained in the same volume of liquid hydrogen,

boasts a specific energy density 50% higher than liquid hydrogen for a given volume [14]. It 

is characterised by being produced in large quantities, is non-flammable and readily obtained 

and handled in liquid form without need for expensive and complicated refrigeration 

technology [13-14]. Moreover, it has a higher power density and lower cost per kW than 

methanol and can be electrolysed to release hydrogen and nitrogen with minimum effects to 

the environment according to equation 8: 

(8) 

The use of hydrogen as a source of fuel for fuel cells as well as the emergence of legislation 

promoting hydrogen economy has made the production of hydrogen a very key aspect. At 

this time, hydrogen production costs for distributed power cannot compete with traditional 

power generation methods, and the storage and transportation of hydrogen are both 

inefficient and dangerous [ 17]. The nitrogen gas that is produced during the process is 

already found in large quantities in air, and could be purged from the decomposition process 

to the atmosphere with few ill effects on the environment [57]. The absence of oxygen in the 

reaction prevents the production of harmful oxides, and in contrast to other hydrogen media 

such as methane, ammonia contains no carbon which can produce carbon monoxide or 

greenhouse gases. 

2.1.5.1.2 Ammonia as a hydrogen carrier/hydrogen storage medium 

In many ways, ammonia is an excellent hydrogen carrier [58]; liquid ammonia represents a 

convenient way of storing supplies of hydrogen, boasting a specific energy density (kWh/1) 

50% higher than liquid. Ammonia is also easily condensed (at ambient temperature and under 

a pressure of 8 bar) which makes it a good choice for transportation and storage. Even though 
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ammonia is flammable within defined limits (16% - 25% by volume in the air) and toxic 

(above 25 ppm) its presence can be detected by its characteristic odour (above 5 ppm). It is 

produced world-wide in large quantities (more than 100 million ton/year), which allows the 

effect of economy of scale on the cost of production. Its decomposition by electro-oxidation 

in alkaline media at low overpotential is NOx and COx free with nitrogen and water as 

products ofreaction [14, 59]. 

2.1.5.1.3 Electro-oxidation of ammonia: thermodynamics 

Recently, Botte et al. proposed a new technology for the production of hydrogen on demand 

based on the electrolysis of ammonia [60]. The ammonia electro-oxidation reaction can thus 

be coupled with the hydrogen evolution reaction in an alkaline electrolytic cell for the 

production of high purity hydrogen. Hydrogen is oxidised at the anode ( equation 9) at a 

potential of 0.77 V (vs. standard hydrogen electrode, SHE) [61]. Alkaline reduction of water 

occurs at the cathode (equation 10) and requires -0.83 V vs. SHE. Overall (equation 11), 

0.06 V i s  required [12]; 

(9) 

(11) 

The thermodynamics favour the production of hydrogen coupled to the ammonia oxidation 

compared to hydrogen production by electrolysis of water, whose theoretical cell voltage is 

1.223 V [14]. The high capacity for hydrogen storage has led to increased interest in using 

ammonia as an alternative energy carrier. 
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2.1.5.1.4 Technological challenges faced during hydrogen production from ammonia 

The decomposition of ammonia is a slow reaction demanding need for the use of suitable 

catalysts to increase its reaction rate. Pt catalysts are the major catalysts used in the 

electrolysis of ammonia for the production of hydrogen gas. However, the deactivation of the 

Pt-catalyst is observed at higher current densities [62]. Therefore, hydrogen production from 

ammonia electrolysis requires development of improved catalysts for ammonia electro-

oxidation [12]. In the past, several metals and alloys have been considered as potential 

catalysts. A study on bulk platinum and bulk iridium electrodes [62] showed that these metals 

have the best activity among noble and coinage metals towards ammonia oxidation. 

However, the current densities observed on those catalysts were very low. Metal alloys, metal 

oxides, and bimetallic electrocatalysts have shown higher activity towards ammonia 

oxidation compared to monometallic catalysts. For example, Ag-Pb alloys [63] and Ru 

oxides [64] showed high catalytic activity but at very high overpotentials. Ammonia 

adsorption and decomposition have also been investigated experimentally on Pt(ll 1), 

Pt(210), Pt( 410), Pt(557) and polycrystalline Pt [65]. The decomposition shows only 

moderate structure sensitivity to the catalyst. Moreover, ammonia electro-oxidation has also 

been studied using metal oxide electrodes, e.g., Ir02, PtOx-IrOx and Ni/NiOx electrodes in 

alkaline and neutral solutions [21-25]. Most of these reactions were carried out using bulk 

metal or metal oxide electrodes with high precious metal loading. In order to develop 

efficient and economically viable electrodes, the amount of precious metals must be reduced. 

This can be achieved by using electrocatalysts in the form of nanoparticles which are 

considered as required materials for practical purposes [15]. This study aims at examining the 

production of hydrogen from electro-oxidation of ammonia while using nanotechnology to 

synthesise nanomaterials as novel electrocatalysts. The novel electrocatalysts that will be 
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used in this study will combine high surface area and catalytic properties of binary and 

ternary oriented ( 100) platinum based nanoalloys. 

2.1.5.2 Hydrazine 

Hydrazine is an inorganic compound with the formula N2H4. It is a colourless flammable 

liquid with an ammonia-like odour. It is highly toxic and dangerously unstable unless handled 

in solution form [ 66]. 

2.1.5.2.1 Effects of exposure of hydrazine on humans 

Hydrazine is neurotoxin in nature and has been classified as human carcmogen by 

Environmental Protection Agency (EPA) [ 67]. Symptoms of acute exposure to high levels of 

hydrazine include irritation of eyes, nose and throat, temporary blindness, dizziness, nausea, 

pulmonary oedema and coma in humans [68]. Hydrazine causes liver, kidney, lungs, 

respiratory tract infection and long-term effects on the central nervous system when people 

are exposed to air containing 10 ppb hydrazine [69]. It is also a hepatotoxic substance with 

adverse health effects on the brain and capable of causing DNA damage [70]. 

2.1.5.2.2 Uses of hydrazine 

In spite of its hazardous effects on humans, hydrazine has many practical applications in 

various fields such as pharmaceutical intermediates, blowing agents, photographic chemicals, 

corrosion, and protection treatments for boilers, as a fuel in rocket propulsion systems, as 

orbit adjusting materials for satellite and missiles in aerospace and military field pesticides 

and fuel cells [71]. Hydrazine is also applied as intermediate in chemical industry to 

synthesise pesticides and herbicides as well as in the production of anti-tuberculosis and anti-
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diabetes medicines [72-73]. It is a highly reactive base and reducing agent which has a wide 

range of  applications in many industrial processes, such as in the manufacture of antioxidants 

and insecticides [74]. It is widely used as a polymerisation catalyst and in various racket fuels 

[75]. Hydrazine and its derivatives are excellent reducing agents. These families of agents are 

widely used in different industries and agriculture as emulsifiers, catalysts, corrosion 

inhibitors, explosives, and rocket propellants [67]. Hydrazine is also an ideal fuel for direct 

fuel cell system given that the electro-oxidation of the fuel does not suffer any catalyst 

poisoning effects, has high energy density and reactive properties [76-77]. 

2.1.5.2.3 Hydrazine as a fuel for fuel cells 

Hydrazine has been proposed as an alternative to hydrogen in fuel cells. The chief benefit of 

using hydrazine is that it can produce over 200 m W/cm2 of energy more than a similar 

hydrogen cell without the need to use expensive platinum catalysts. Since the fuel is liquid at 

room temperature, it can be handled and stored more easily than hydrogen. By storing the 

hydrazine in a tank full of a double-bonded carbon-oxygen carbonyl, the fuel reacts and 

forms a safe solid called hydrazone. Then by flushing the tank with warm water, liquid 

hydrazine is released. Hydrazine has a higher electromotive force of 1.56 V compared to 1.23 

V for hydrogen. Hydrazine breaks down in the cell to form nitrogen and hydrogen which 

bonds with oxygen, releasing water. 

Hydrazine as a fuel for alkaline fuel cells has been studied since the 1970s [78]. The reasons 

for considering hydrazine as a promising fuel are: 

► Its electro-oxidation produces no CO2, reducing the overall emission of greenhouse

gases.
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► The absence of carbon atoms in hydrazine leads to zero production of species that

may poison the electrocatalysts ( e.g., CO and products of incomplete C-molecules

oxidation).

► The theoretical electromotive force is relatively high, with a value of 1.56 V which

results in high power density [79].

The high toxicity of hydrazine should be taken into account during the design of complete 

system to prevent any contact of customers with fuel ( either from fuel tank or with unreacted 

one). A safe method of storing hydrazine in fuel tanks as a solid hydrazone form (>C = N -

NH2) has been developed by Daihatsu Motor [78]. This form does not exhibit mutagenic 

properties as well as its solid nature is much safer as compared to liquid hydrazine in case of 

tank damage. The hydrazine can be released from its hydrazone form by adding water into 

the fuel tank [78]. II II 

! ' - ·  

I LII 
2.1.5.2.4 Oxidation of hydrazine 

Hydrazine overall electro-oxidation reaction can be written as [78]: 

E0 =l.56V (12) 

Hydrazine-water solutions easily undergo hydrolysis, producing the hydrazonium cation: 

(13) 

N2H4 can easily be oxidised both in acidic and alkaline media by the following reactions: 

(acid) (14) 

(alkaline) (15) 

Operation of fuel cells requires catalysts based on stable, non-corrosive noble metals, usually 

platinum or platinum-group metals. Noble metals such as platinum, palladium, silver and 

gold are very active in the anodic oxidation of hydrazine [80]. However, these catalysts have 
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been found to portray high overpotentials and lower current densities. Carbon based 

electrodes (nanotubes) have been explored but hydrazine oxidation has been found to be poor 

at ordinary carbon electrodes [81]. However, hydrazine oxidation is a structure-sensitive 

reaction [28, 82]. It is hence necessary to explore the catalytic effect of oriented Pt(l 00) 

based nanoparticles and nanoalloys as electrocatalysts for the oxidation of hydrazine. 

2.2 Nanotechnology 

2.2.1 Introduction 

Nanotechnology is the term given to those areas of science and engmeermg where 

phenomena that takes place at dimensions in the nanometre scale are utilised in the design, 

characterisation, production and application of materials, structures, devices and systems 

[83]. Although in the natural world there are many examples of structures that exist with 

nanometre dimensions, including essential molecules within the human body and components 

of foods, and that many technologies have incidentally involved nanoscale structures for 

many years, it has only been in the last quarter of a century that it has been possible to 

actively and intentionally modify molecules and structures within the nano range. It is this 

control at the nanometre scale that distinguishes nanotechnology from other areas of 

technology [83]. 

2.2.2 Definitions and scope in nanotechnology 

Several definitions of nanotechnology terms and of the products of nanotechnology have 

been formulated. According to the UK Royal Society and Royal Academy of Engineering, 

the range of the nanoscale is from the atomic level, at around 0.2 nm up to around 100 nm 

[84]. It is within this range that materials can have substantially different properties compared 

to the same substances at larger sizes, both because of the substantially increased ratio of 
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surface area to mass, and also because quantum effects begin to play a role at these 

dimensions, leading to significant changes in several types of physical properties. According 

to published Publicly Available Specification on the Vocabulary for Nanoparticles of the 

British Standards Institution [85], the major terms used in nanotechnology have been defined 

as follows: 

Nanoscale: Having one or more dimensions of the order of 100 nm or less. 

Nanoscience: The study of phenomena and manipulation of materials at atomic, molecular 

and macromolecular scales, where properties differ significantly from those at a larger scale. 

Nanomaterial: Material with one or more external dimensions, or an internal structure, 

which could exhibit novel characteristics compared to the same material without nanoscale 

features. 

Nanocomposite: Composite in which at least one of the phases has at least one dimension on 

the nanoscale. 

Nanostructured: Having a structure at the nanoscale. 

Nanotechnology has recently become one of the most exciting forefront fields in analytical 

chemistry with a wide variety of nanomaterials, especially nanoparticles of different 

properties that have found broad applications in many kinds of analytical methods [86]. 

2.2.3 Nanoparticles 

Nanoparticles can be defined as clusters of atoms, ions or molecules, typically with one or 

more dimensions at the nanoscale [83]. This is a particularly interesting size range, which 

bridges the gap between small molecules (with discrete energy states) and bulk materials 

( with continuous energy states). They constitute a new type of material, since they often have 

unique chemical, physical and electronic properties which are fundamentally different from 
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those of discrete molecules or bulk solids/materials [26]. Nanoparticles are formed by most of 

the elements in the periodic table and they can be classified according to the types of atoms 

of which they are composed and the nature of the bonding [87]. Examples of nanoparticles 

include; weakly bound rare gas and molecular nanoparticles ( e.g. Ar and H2O), covalently 

bonded semiconductor nanoparticles ( e.g. carbon fullerenes and CdS), electrostatically bound 

ionic nanoparticles (e.g. NaCl and MgO) and nanoparticles of metallic elements (Figure 2) 

[88]. Metallic elements form a wide variety of nanoparticles ranging from the s-block metals 

(such as the alkali and alkaline earth metals), p-block metals (such as aluminium; where the 

bonding involves both the s and the p orbitals) and the transition metals (where the bonding 

involves the valence d orbitals) [89]. Metal nanoparticles may be composed of a single 

metallic element (monometallic nanoparticles) or more than one metal usually referred to as 

nanoalloys [90-91]. Metal nanoparticle catalysts composed of two or more different metal 

elements are of greater interest from both technological and scientific point of view for 

improving the catalyst quality or properties and they have been reported to have higher 

catalytic properties compared to their corresponding monometallic nanoparticles due to their 

increased surface area and synergetic effects [92-95]. 

Fullerenes Molecular nanoparticles 
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Ionic nanoparticles Metal nanoparticles 

Passivated metal nanoparticles 

Figure 2: Examples of types of nanoparticles [88]. 

2.2.3.1 Prehistory of metal nanoparticles 

Metal nanoparticles and nanoalloys have been used (albeit unknowingly) for many centuries, 

primarily for their optical properties [90]. For example, copper, silver and gold nanoparticles 

are responsible for many of the colours of stained glass windows dating from the middle 

ages. The Romans were known to use nanoparticles to colour glass; the most famous case 

being the fourth century AD Lycurgus cup which contains Ag-Au nanoalloys particles. It is 

also believed that colloidal gold nanoparticles were used in cosmetics by the ancient 

Egyptians. Silver and copper nanoparticles and Ag-Cu nanoalloys have also been used since 

the middle ages to give metallic lustre to ceramic glazes [88]. More recently (at least until the 

advent of digital cameras), silver nanoparticles were important in the photographic process. 

They have also found an increased use due to their antimicrobial properties [88]. 
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2.2.3.2 Passivated ( capped) metal nanoparticles 

To enable the investigation of approximately uniformly sized metal nanoparticles, and to 

exploit their properties in various applications, it is necessary to protect them with a ligand 

surfactant shell, as this avoids coalescence at high cluster densities. Two types of stabilisation 

can be distinguished [96]: 

i) Electrostatic stabilisation; due to coulombic repulsion between metal

nanoparticles, caused by ions adsorbed at the particle surface (e.g. sodium

citrate gold sols).

ii) Steric stabilisation; due to the coordination of polymers and other bulky

organic molecules, especially those with P-, N- and S-donor groups (e.g. thiols

and thioethers).

2.2.4 Nanoalloys 

Nanoalloys (also known as alloy nanoparticles) are multicomponent metallic particles in the 

1-100 nm diameter range [83]. Nanoalloys present very complex structures and properties, 

which crucially depend on their size, composition and chemical ordering, and which can 

therefore be tailored for specific and industrially relevant applications such as in data storage, 

optical devices and catalysis [97]. They are of greater interest from both technological and 

scientific point of view for improving the catalyst quality or properties. The desire to 

fabricate materials with well defined, controllable properties and structures on the nanometre 

scale coupled with the flexibility afforded by intermetallic materials has generated interest in 

bimetallic and multi-metallic nanomaterials [91]. A very wide range of combinations and 

compositions are possible for nanoalloys. For example, bimetallic nanoalloys (AmBn) can be 

generated with more or less, controlled size (m + n) and composition (min). Nanoalloys can 
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be generated in a variety of media, such as cluster beams, colloidal solutions, immobilised on 

surfaces, or inside pores. 

2.2.4.1 Reasons for studying nanoalloys. 

1. They are of interest in catalysis (e.g. catalytic converters in automobiles), and for

electronic, magnetic and biomedical applications [91].

2. They can be used in the fabrication of materials with well-defined and controllable

properties. This results from the combination of the flexibility of intermetallic

materials with structure on the nanoscale. Surface structures, compositions, and

segregation properties portrayed by nanoalloys are of great interest as they are

important in determining chemical reactivity as well as catalytic activity [91].

3. Their chemical and physical properties can be tuned by varying the

nanoparticle/cluster size, composition and atomic ordering (segregation or mixing)

[91].

4. They sometimes display structures and properties distinct from pure elemental

nanoparticles. For example, the structures of binary nanoalloys may be quite different

from those of pure metal nanoparticles of the same size and synergism is sometimes

observed in catalysis by nanoalloys [91].

5. Finite size effects can also be important for nanoalloys giving rise to properties which

are distinct from bulk alloys ( e.g. Ag and Fe are miscible in clusters/nanoparticles but

not in bulk alloys) [91].

2.2.4.2 Isomerism in nanoalloys 

Isomers are compounds with the same molecular formula but different structural formula. 

Nanoalloys exhibit geometrical (different skeletal structures) and permutational (unlike 
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atoms) isomerism. Based on permutational isomerism, Jellinek introduced the term 

'homotops' [ 44]. 

2.2.4.2.1 Homotops 

Homotops are nanoalloy isomers with a fixed number of atoms, composition and the same 

geometrical arrangement of atoms, but differ in the way in which the various atom types are 

arranged in that particular geometry [88]. The number of homotops rises combinatorially 

with cluster size and is maximised for equal mixtures of the component elements. Ignoring 

point group symmetry, a single geometrical isomer of an N-atom nanoalloy gives rise to: 

N! N! = - - -
NA!NB! NA!(N-NA!) 

(16) 

Where NA is the number of atoms of type A and Na is the numbers of atoms of type B and N 

is the total number of atoms. 
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A 

Figure 3: Examples of homotops in small nanoalloys: (A) complete inversion of 

configuration in a fivefold symmetric 38-atom A19B19 nanoalloy; (B) high symmetry 

homotops for a 38-atom A6B32 truncated octahedral nanoalloy [88). 

2.2.4.3 Types and structures of nanoalloys 

Nanoalloys can be classified according to their mixing pattern (chemical ordering). Four 

main types of mixing patterns can be identified for nanoalloys [91]. 

a) Mixed A-B nanoalloys: They are randomly mixed nanoalloys and are often termed

as "alloyed" nanoparticles.

b) Core-shell segregated nanoalloys: consist of a shell of one type of atom surrounding

a core of another. There may be some mixing between the shells. They are usually

denoted AcoreBshell• 

c) Subcluster segregated nanoalloys: consist of A and B subclusters, which may share

a mixed interface or may only have a small number of A-B bonds.

d) Multishell nanoalloys: may present layered or onion-like alternating -A-B-A- shells.
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However, it is noteworthy that the mixed A-B nanoalloys usually referred to as "alloyed" 

nanoparticles based on the random and uniform mixture of the elements portray super 

qualities and forms the basis of this study (see Figure 4). 

Mixed A-B nanoalloys 
Core-shell segregated nanoalloys 

Subcluster segregated nanoalloys 
Multishell nanoalloys 

Figure 4: Schematic representation of some nanoalloy mixing patterns (44]. 
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2.2.4.3.1 Factors influencing the chemical ordering of nanoalloys 

The chemical ordering in A-B nanoalloys depends on the following factors [88]. 

• Relative strengths o f  A-A, B-B and A-B bonds: If A-B bonds are strongest, this

favours A-B mixing, otherwise segregation is favoured, with the species forming

strongest homonuclear bonds tending to be in the core of the nanoparticles.

• Surface energies o f  bulk elements A and B: The element with lowest surface energy

tends to segregate to the surface.

• Relative atomic sizes: Smaller atoms tend to occupy the more sterically confined core,

especially in icosahedral clusters, where the core undergoes compression; location of

smaller atoms in the core can relieve elastic strain.

• Charge transfer: Electron transfer from less to more electronegative elements favours

mixing by maximising attractive coulombic interactions. In smaller nanoalloys, more

electronegative elements may preferentially occupy surface sites.

• Strength o f  binding to substrates or surface ligands (surfactants): For supported or

passivated clusters, the element that binds most strongly to the support or the ligands

may be pulled out towards the surface or interface.

• Specific electronic/magnetic effects: Certain sizes, compositions and/or segregation

arrangements may be stabilised by electronic shell structure or electron spin

interactions.

The chemical ordering observed for a particular nanoalloy depends critically on the balance 

of  the factors explained above, the preparation method and experimental conditions, which 

may give rise to kinetic, rather than thermodynamic products [88]. 
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2.2.4.4 Application of nanoalloys 

Nanoalloys can be used in a number of technologically important areas such as: 

a) Catalysis

Nanoalloys have higher catalytic properties compared to monometallic nanoparticles. They 

have been applied in many areas of catalysis such as fuel cells, sensors and biosensors based 

on their unique catalytic properties as explained below [97]. 

i) Fuel cell catalysts

Fuel cell technology attracts a great deal of interest because it allows the direct conversion of 

chemical energy into electricity. Catalysts in fuel cells are special materials that are used in 

order to facilitate the reaction of oxygen and hydrogen. The catalysts systems form an 

integral part of the electrochemical reactor utilised in fuel cells. They have been used as 

catalysts to oxidise methanol and ethanol in DMFCs [98]. 

ii) Application in sensors and biosensors

A sensor is a small device that as a result of a chemical interaction between the analyte and 

the sensor device transforms chemical or biochemical information of quantitative type into an 

analytically useful signal. The unique chemical and physical properties of nanoparticles make 

them extremely suitable for designing new and improved sensing devices. It has been shown 

that metal nanoparticles and nanoalloys provide three important functions for electroanalysis; 

improved mass transport, high effective surface area and catalytic properties. However, 

nanoalloys play four major roles in biosensors. These include [97]: 
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Immobilisation of biomolecules: Nanoparticles have large specific surface area and high 

surface free energy. This enables them to adsorb biomolecules strongly and play an important 

role in the immobilisation of biomolecules in biosensor construction. They enable the 

biomolecules which are adsorbed on the surface of the electrodes to retain their 

biocompatibility. This is because some of them carry charges and can electrostatically adsorb 

biomolecules with different charges. For example Ag-Au and Au-Pt nanoalloys have been 

applied in the immobilisation of enzymes [97]. Electrochemical immunosensors based on 

immobilisation of antigen or antibodies with nanoalloys have also been extensively applied or 

studied. They also increase the stability and maintain the activity of biomolecules [97]. 

Catalysis of electrochemical reactions: Nanoalloys have excellent catalytic properties. The 

introduction of nanoparticles with catalytic effects into electrochemical sensors and 

biosensors can decrease overpotentials of many analytically important electrochemical 

reactions and even realise the reversibility of some redox reactions, which are irreversible at 

common unmodified electrode. For example, bimetallic Ag-Au alloy nanoparticles have been 

used as electrocatalyst in the electrocatalytic oxidation of glucose [99]. 

Enhancement of electron transfer: Enzymes usually lack direct electrochemical 

communication with electrodes. The active centres are surrounded by thick insulating protein 

shells; blocking the electron transfer between electrodes and the active centres. Conductivity 

properties of nanoparticles, mostly metal nanoparticles at nanoscale dimensions makes them 

suitable for enhancing the electron transfer between the active centres of enzymes and the 

electrodes. They act as electron transfer "mediators" or "electrical wires". For example Ag-

Au nanoalloys have good conductivity and have been used to enhance electron transfer 

between proteins and electrodes [100]. 
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Labelling biomolecules: The labelling of biomolecules, such as antigen, antibody and DNA 

with nanoparticles has increasingly played an important role in developing sensitive 

electrochemical biosensors. Biomolecules labelled with nanoparticles can retain their 

bioactivity and interact with their counterparts and consequently the amount or concentration 

of analyte can be determined. Metal nanoparticle labels are used in immunosensors and DNA 

sensors. Gold nanoparticles are the most frequently used among all the metal nanoparticles 

labels available. However; nanoalloys based on Au can also be used as labels [97]. 

Nanoparticles acting as reactant: Nanoparticles are chemically more active than their 

counterpart bulk materials due to their high surface energy [97]. However, the application of 

the special reactivity of nanoparticles in biosensors and electrochemical sensors has not been 

extensively studied. ! 1.1 

L J ._ ' -.._ 
IL

,,;, 
b) Optoelectronics

Some nanoalloys show strong absorption bands in the visible region caused by plasmons 

[91]. Based on their unique optical properties, they have found great applications in 

optoelectronics. 

c) Magnetic applications

Recently there has been much interest in granular materials formed by embedding 

clusters/nanoparticles in a solid host [91]. When embedded in nonmagnetic metals, or even 

insulators, magnetic 3d metal nanoparticles (e.g. of Cr, Fe, Co, Ni or mixtures of  these 

metals) are known to exhibit the phenomenon of giant magneto-resistance (GMR) with a 

change in resistance upon application of a magnetic field. Such GMR materials show 

considerable promise for applications as magnetic sensors and magnetic recording. This has 
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led to the study of bimetallic nanoalloys formed between magnetic 3d metals and 

nonmagnetic 4d (e.g. Rh, P, and Ag) or 5d metals (e.g. Pt, Au). The combination of 3d metals 

( e.g. Co and Ni) with large local magnetic moments and 4d metals ( e.g. Rh) with strong spin-

orbit coupling may be an effective way of obtaining a high magnetic moment and anisotropy 

which is required in high-density magnetic recording [91]. 3d-5d Fe-Pt and Co-Pt nanoalloys 

are also candidates for ultrahigh density magnetic recording media due to their high magnetic 

anisotropy with associated high magnetic susceptibility [90]. 

d) Medical applications (Biodiagnostics)

Nanoalloys have found great application in biodiagnostics such as for bioconjugation, as 

cellular labels, and in assays for gases, metal ions, and DNA/protein markers for diseases 

[101]. Nanoalloys offer possibility of enhanced robustness, sensitivity and selectivity. Based 

on their tunability, (of composition and ordering as well as size and shape) nanoalloys show 

considerable promise as biodiagnostic agents [91]. 

2.2.4.5 Platinum group metal (PGM) nanoalloys 

The platinum group metals (PGMs) or a platinum group element (PGEs) is a term used 

collectively to refer to the six metallic elements clustered together in the periodic table. These 

elements are all transition metals lying in the d-block. The six platinum group metals include 

ruthenium (Ru), rhodium (Rh), palladium (Pd), osmium (Os), iridium (Ir) and platinum (Pt). 

They have similar physical and chemical properties and tend to occur together in the same 

mineral deposits. The position of the elements is shown in the periodic table below (Figure 

5): 
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Figure 5: The periodic table showing platinum group metals (highlighted in green). 

Nanoalloys formed based on these PGMs and other noble metals play important roles in 

many applications because of their extraordinary physical and chemical properties [102-104]. 

For example, Pt serves as a major catalyst in industrial synthesis of nitric acid, reduction of 

pollutant gases emitted from automobiles, oil cracking, and proton-membrane-exchange 

(PME) fuel cells [105]. When two or more PGM and noble metals form nanoalloys, improved 

properties such as reduced catalyst poisoning are observed and these colloidal metallic alloy 

nanocrystals have been explored for catalytic applications such as in fuel-cell technology, 

hydrogen production, and gas sensing [ 105]. Platinum is one of the most useful metals used 

in fuel cell technology, chemical synthesis, and environmental protection, with extraordinary 

catalytic activities. It has been well documented that alloying Pt with two or three metals 

often improve the catalytic activity of Pt as well as reduce the cost [ 106]. Consequently, these 

PGM-based nanoalloys have found great application in fuel cells, oxidation of methanol, 

hydrogen activation, biosensors and immunosensors [ 106-108]. 
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2.2.4.6 Single crystal Pt( l l l )  and Pt(l00) materials 

A single crystal material (SCM) is a material that is composed of a single crystal or a few 

large crystals. It consists of a monocrystal or a single grain without any grain boundaries. The 

atoms maintain the same unit cell pattern and orientation throughout the material. SCMs 

exhibit desirable piezoelectric, optical or magnetic properties that cannot be obtained with a 

polycrystalline ceramic material. Since the pioneering work by Clavilier and co-workers at 

the beginning of the 80s [109-110], there has been an increasing interest in several aspects of 

the electrochemical behaviour of platinum single crystals. The reactivity of bimetallic 

surfaces formed by combining platinum single crystals and adatoms has been a long-standing 

subject of research based on their specific and beneficial properties [111-112]. The study of  

the chemical properties of bimetallic surfaces have drawn considerable attention, particularly 

since the development of bimetallic catalysts for hydrocarbon reforming in the 1970's [113-

114]. In recent years, increasing numbers of surface studies have been published [115-117], 

driven by the desire to gain a more fundamental understanding of the structural, electronic 

and chemical properties of bimetallic single crystalline surfaces. The preparation, 

characterisation and reactivity of bimetallic surfaces have been recently reviewed by 

Rodriguez [117]. Motivated by these studies, Fruehberger et al. investigated the surface 

reactivity of Ni/Pt(l 11) bimetallic surfaces produced by thermal evaporation of Ni onto a 

Pt(ll 1) substrate [114]. He showed that the generation of model bimetallic surfaces offered 

several advantages over bulk alloy systems as it frequently enabled one to prepare and study 

bimetallic surfaces that had no stable bulk analogue and allowed one to readily compare the 

reactivity with those of pure metal components, and to investigate surface chemistry as a 

function of different bimetallic atomic ratios. Figure 6 shows the top view of Pt(l 00) and 

Pt(l 11) single crystal surfaces. Pt(l 11) has the most compact surface with a coordination 
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number o f  9 for each surface atom; it's less reactive and more saturated than Pt(l00) which 

has a coordination number of  8 and has more open surfaces. 

a) (b) 

Figure 6: Top view 

SCMs have been found to have dense active sites for the adsorption of  oxidation species such 

as ammonia. Vidal-Iglesias et al. investigated ammonia oxidation on Pt(l 11) and Pt(l00) 

SCMs and found out that Pt( 100) showed the highest active sites for the adsorption o f  

ammonia [29]. However, polishing o f  SCM's has proved to be quite demanding. Fabrication 

o f  oriented nanomaterials is thus worthwhile. Well dispersed oriented nanoparticles have

been found to portray similar active sites and are considered as required materials for 

practical purposes. Pt nanoparticles with ( 111) and ( 100) orientation have similar 

characteristics to the single crystal materials [29]. It is thus of  great importance to investigate 

the effect o f  preferentially oriented platinum (100) ultrasensitive nanoparticles and nanoalloy 

systems on the oxidation of ammonia. 
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2.2.4.6.1 Preferentially oriented Pt(l00) and (111) nanoparticles 

Catalytic reactivity of metal particles is undoubtedly linked to the nature of surfaces involved 

in the catalysis. Determining the particle shape and consequently the atomic arrangements in 

the crystal planes forming the surfaces is essential to our understanding of the whole 

phenomena of catalysis and the design of more "ideal" catalysts for different chemical 

transformations [118]. Preferentially oriented Pt(l00) and (111) nanoparticles show similar 

properties to single crystal Pt(l 00) and Pt(l 11) materials which have been reported to have 

high active sites for ammonia oxidation (see section 2.2.4.6). Pt(lO0) nanoparticles 

investigated under high resolution transmission microscope (HR TEM) ( ex situ 

characterisation) show cubic shaped nanomaterials while Pt(l 11) show 

tetrahedron/octahedron shaped nanoparticles [119]. Electrochemistry provides some surface 

sensitive reactions that can be used as a tool to characterise the surface structure. The so-

called hydrogen adsorption/desorption process is very sensitive to the Pt surface structure 

[120] and this fact is used to characterise the type of orientation of the nanoparticles with

voltammetric profiles similar to those portrayed by single crystal materials. Figure 7 shows 

the voltammogram of oriented Pt(l00) and (111) nanoparticles. It shows very clearly the 

presence of adsorption states associated to (110) and (100) sites at -131 mV and -33 mV, 

respectively (Figure 7 A). A peak at around 29 mV is observed associated to (100) site [29, 

119]. A poorly defined peak around 445 m V is usually observed characteristic of small ( 111) 

ordered surface domains. The voltammetric profile is similar to that of a Pt(lO0) single 

crystal electrode. For the Pt(l 11) nanoparticles (Figure 7 B) the peaks around 0.5 V was well 

pronounced indicating the presence of ( 111) domains [ 121]. 
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Figure 7: Cyclic voltammograms of Pt(l00) nanoparticles (A) and Pt(l l l )  nanoparticles 

(B) modified Pt electrode in 0.5 M H2SO4 at a scan rate of 20 mV s·1 [121).

2.2.4. 7 Methods of synthesising nanoalloys 

The synthesis of metal nanoparticles and nanoalloys has developed into a large field with 

diverse interests and applications. There are a number of methods used for the synthesis of 

metal nanoparticles. These methods include: 

i) Electrochemical methods

This is a very versatile method of generating nanoalloys in solution. It involves the 

application of current at a certain potential in a solution containing the metal salts 

(precursors) in the presence of a supporting electrolyte. The nanoalloys are deposited on the 

cathode (for the two electrode system) and at the working electrode (for the three electrode 

system). It has some advantages over traditional methods in synthesis of metal nanoparticles 

such as simplicity, avoiding contamination with by-products resulting from chemical 

reducing agents in conventional methods, low cost and simple control of the metal content of 

bimetallic nanoparticles [122]. However, it is not easy to control the particle size and 
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relatively low product yield is obtained. Simple set ups for the electrochemical synthesis are 

shown in Figure 8 below. 

__ ....... i--hCNle 

Two electrode system Three electrode system 

Figure 8: Set-up for electrochemical synthesis of nanoalloys. 

ii) Chemical reduction

Nanoalloys are produced chemically by simultaneous reduction of metal salts dissolved in 

appropriate solvent in the presence of surfactants such as citrate, alkylthiols or thioethers or 

polymeric ligands such as polyvinylpyrrolidone (PVP) which passivates the nanoalloys 

surface, stabilises them and prevent them from agglomeration [ 44]. The control of average 

particle size and size distribution can be achieved by tuning the preparation conditions 

(solvent, surfactant, reducing agent). The major advantage associated with chemical synthesis 

is that it is reproducible and allows colloidal nanoparticles with a narrow size distribution to 

be prepared on a multigram scale and is easy to scale up. However, the contamination from 

surfactants/capping agents and by-products is a major drawback of this method. 
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Microemulsion method: microemulsion is made up of water, oil and surfactant. Synthesis of 

mixed metal nanoparticles by the microemulsion method allows simultaneous control of size 

and composition. Microemulsion is a liquid droplet containing the noble metal precursor 

being engulfed by the surfactant molecules and uniformly dispersed in an immiscibly 

continuous organic phase which serves as a micro or nano-scaled reactor in which the 

chemical reaction takes place [ 123]. The size of the microemulsions is of the order of a few to 

hundred nanometres and is determined by the balance of the surface free energy mediated by 

the surfactant molecules and the difference in free energy caused by the immiscibility of the 

two liquid phases. Reduction of the metal can be carried out by adding the reducing agent 

directly into the microemulsion system, or by the introduction of another reducing agent 

containing microemulsion. The reducing agent must be stable in an aqueous environment and 

must not react with the other components of the system. Thus, all non-aqueous reducing 

agents are excluded. The most commonly employed reducing agents are borohydride and 

hydrazine. The surfactant molecules serve the role of a protective agent, thus preventing the 

agglomeration of nanoparticles. The main attractiveness of the microemulsion method is its 

ease in controlling the size distribution and composition of the metal particles within a 

narrow distribution by varying the synthetic conditions. The particle sizes depend on the 

precursor concentration and the amounts of surfactant. Metal nanoalloys can be synthesised if 

the salts of different metals are dissolved in the solution before the reduction is carried out, 

provided that the metal salts are miscible in the metallic state. The final composition of the 

mixed metal nanoparticles can easily be controlled by the ratio of the metal precursor 

solutions. However, the microemulsion method employs costly surfactant molecules and 

substantial number of separation and washing steps are needed before usage. Thus, this 

method may not be economical and suitable for large-scale production [123]. 
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iii) Radiolysis

This is an efficient method for reducing metal ions in order to generate nanoalloys. In the 

radiolytic method, y-ray irradiation of water leads to solvated electrons which subsequently 

reduce the metal ions. This method can lead to formation of either core-shell or nanoalloys 

depending on the rate of radiolysis (which depends on the y-ray dose), the relative 

concentrations of the metal salts, the rate of interion electron transfer, and the nature of the 

ligands which are coordinated to the metal ions. Higher doses favour core-shell formation 

while lower doses favour nanoalloy formation. Examples of nanoalloys synthesized using this 

method include: Cu-Pd, Ni-Pt, and Pd-Ag nanoalloys [124]. 

iv) Ion implantation

The reduction of the metal salts is done using beams with energies of approximately 100 ke V. 

The nanoalloys are synthesised on insulating matrices. The implantation of the metal salts is 

done on the matrix generating solid-solution nanoalloys. Examples of nanoalloys synthesised 

using this method include solid-solution Ag-Au, Cu-Pd, and Cu-Au nanoalloys implanted on 

silica [125]. 

v) Thermal decomposition of transition-metal complexes

It involves the gentle thermolysis ( e.g. heating to approximately 200 °C in vacuum for 2 h) of 

precursor organometallic metal salts (typically with carbonyl and phosphine ligands). 

Improved results are obtained if thermolysis is performed in the presence of stabilising 

ligands such as PVP. It has been used to synthesise nanoalloys particularly of the more noble 

metals such as Ru-Pd, Ru-Sn, Ru-Pt nanoalloys anchored within silica micropores with 

typical pore diameters of 3-30 nm [126]. 
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vi) Biosynthesis

This method involves the use of biomolecules as reducing agents. Certain microbes can 

reduce metal salts to their zero-valent metallic states. For example, bacterial hydrogenases 

have been used as reducing agents in the reduction of Pd(II) to Pd(O). Pd-Au hybrid 

nanoalloys have also been synthesised using the biosynthesis method. Biosynthesis' of Ni-Ti 

nanoalloys has been done by reducing a solution of Ni and Ti ions mixed with a suspension 

of powdered milled alfalfa [127]. 

2.2.5 Characterisation techniques for the nanoalloys 

A variety of experimental techniques have been applied to characterise and study the 

properties of  mono, bi- and multi-metallic nanoparticles. The following sub-section gives a 

brief overview of some of the most commonly applied techniques. 

2.2.5.1 Electrochemistry 

A variety of  electrochemical techniques have been applied in the characterisation of 

nanoalloys such as cyclic voltarnrnetry (CV) and electrochemical impedance spectroscopy 

(EIS). These measurements are particularly important for nanoparticles employed as 

electrode materials. Electrochemical techniques for surface measurement allow direct 

investigation of the surfaces of real catalysts under ambient conditions, thereby bridging the 

so-called "pressure" and "materials" gap between surface science and heterogeneous catalysis 

[128]. 
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2.2.5.1.1 Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) is an electrochemical technique that is classified under sweep 

techniques. In cyclic voltammetry, the root word from voltammetry, "voltam-", refers to both 

potential ("volt-") and current ("am-"). During the voltammetric experiment, an applied 

potential at a working electrode is varied at a specific scan rate in both forward and reverse 

directions while the current is simultaneously monitored. The basic instrumentation for the 

cyclic voltammetry analysis requires controlled potential equipment (potentiostat) and an 

electrochemical cell consisting of three electrodes. The analysis is normally carried out using 

an electrochemical analyser connected to a three electrode cell, consisting of working 

electrode, reference electrode and counter electrode under an inert atmosphere. Figure 9 

shows an illustration of the three electrode system. 

Reference electrode 
Working electrode 

Figure 9: Schematic representation of an electrochemical cell. 

The electrode where the reaction of interest takes place is called the working electrode. The 

common materials used for working electrode include platinum, gold and carbon ( carbon can 
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be in the form of graphite, glassy carbon, or diamond). These electrodes are generally 

encased in an inert insulator with a disk exposed at one end and it should not be susceptible to 

oxidation or reduction. In addition, it is very important that materials used as a working 

electrode should be inert. The reference electrode provides a stable potential compared to the 

working electrode. Reference electrodes are used because their potentials are constant. There 

are different types of reference electrodes and the commonly used ones are the saturated 

calomel electrode (SCE), and the silver/silver chloride electrode, Ag/ AgCl. The counter 

electrode, also known as the auxiliary or secondary electrode, can be made of any material 

which conducts current easily and will not react with the bulk solution. The auxiliary 

electrode is usually made up of a platinum wire or a mesh can also be used. 

In cyclic voltarnmetry the potential is ramped from an initial potential (Ei) and at the end of 

the linear sweep, the direction of the potential scan is reversed, usually stopping at the initial 

potential. The potential at which the change in direction occurs is also known as the switch 

potential (E,..). The scan rate between Ei and E,. is the same as that between E,. and Ei and the 

values of the scan rate Vforward and Vreverse are always written with positive numbers. Oxidation 

usually takes place during the forward part of the CV, if scanned from a negative to a positive 

potential. The reverse part of the CV will then represent reduction, with the potential running 

from a positive to a negative potential. However, if the potential is scanned from a positive to 

a negative value, then reduction would occur during the forward part of the CV scan and 

oxidation during the reverse CV scan. Important parameters are usually obtained from cyclic 

voltarnmograms for analysis of reversible, quasi-reversible and irreversible reaction 

properties of an electroactive sample. These parameters include anodic and cathodic peak 

potentials, denoted as Ep,a and Ep,c, respectively as well as anodic and cathodic peak currents 
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denoted as lp,a and fp,c, respectively. A typical cyclic voltammogram illustrating these 

parameters is shown in Figure 10. 
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Figure 10: A typical cyclic voltammogram showing the basic peak parameters. 

In voltammetry the magnitude of the current in a reversible system is proportional to the 

concentration of the analyte, so the equality between Jp(forward) and fp(reverse) (where 'p'  

represents 'peak') implies a quantitative retrieval of electromodified material, which follows 

from Faraday's laws [129-131]. The position of both the cathodic and anodic peaks gives us 

thermodynamic information of the redox couple used. The anodic and cathodic peak 

potentials also helps in the calculation of the formal electrode potential, E f! , as follows: 

(17) 

The formal electrode potential (normally called the formal potential or the formal redox 

potential) is in concept similar to the standard electrode potential, E 0 [ 130-131]. Cyclic 
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voltammetry is the most widely used technique for acquiring qualitative information about 

electrochemical reactions. The power of cyclic voltammetry results from its ability to rapidly 

provide considerable information on the thermodynamics of redox processes, on the kinetics 

of heterogeneous electron-transfer reactions, and on coupled chemical reactions or adsorption 

processes. It is often the first experiment performed in an electroanalytical study. In 

particular, it offers a rapid location of redox potentials of the electroactive species, and 

convenient evaluation of the effect of media upon the redox processes [132]. 

2.2.5.1.1.1 Data interpretation 

The CV is characterised by several important parameters. Four of these observables; the two 

peak currents and two peak potentials, provide the basis for the diagnosis developed by 

Nicholson and Shain for analysing the cyclic voltammetric response [132]. Some important 

information about the sample under investigation can be obtained from the peak parameters. 

This includes whether the electrochemical process displayed by the sample is reversible, 

irreversible or quasi-reversible. It also gives insight into how fast the electron transfer process 

is, relative to other processes such as diffusion [133]. 

a) Reversible systems

The peak current for a reversible couple is related to the concentration of the electroactive 

species as depicted by the Randles-Sevcik equation. 

Randles-Sevcik equation 

The magnitude of the peak current of a reversible couple, Ip , in a CV is a function of the 

temperature (T), bulk concentration (Co), electrode area (cm2 ) (A), the number of electrons 

transferred (n), the diffusion coefficient (D), the Faraday constant (F) (96 486 C mor 1), the 
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gas constant (R) (8.314 J mor 1 K- 1
) and the speed at which the potential is scanned (v), 

according to Randles-Sevcik equation (129]. 

(18) 

At 25 °C the above equation reduces to (129, 132, 134]: 

(19) 

Accordingly, the current is directly proportional to the concentration and increases with the 

square root of the scan rate. The Randles-Sevcik equation is obeyed if a plot of peak current 

(Ip ) against analyte concentration (Co) yields a straight line. It also means that if the 

electrolyte composition is constant in terms of temperature, solvent, electrolyte, then the 

Randles-Sevcik equation can be used to determine the concentration of analyte by the 

construction of a suitable calibration curve (130, 134]. When the peak current is plotted 

against the square root of the scan rate, with Ip as the y-axis and v ½ as the x-axis, often 

referred to as the Randles-Sevcik plot, a straight line is obtained that passes through the 

origin and the slope of the linear plot can be used to determine the concentration of the 

analyte (Co) if the diffusion coefficient D i s  known precisely (Figure 11) (130]. In addition, a 

Randles-Sevcik plot is also the best way to determine an experimental value of the diffusion 

coefficient, D, if it is not available in literature, in the case of a reversible reaction (129]. 
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peak anodic 

current (Ip) 

(scan rate) 

Figure 11: The Randles-Sevcik plot (Ip against v½ ). 

From the Randles-Sevcik equation, it is also possible to calculate other variables listed in 

equations 18 and 19. That is, if the peak current (Ip) at a certain scan rate (v) is measured, 

and the area of the electrode (A), the diffusion coefficient (D) and the concentration (Co) of 

the species under study are known, one is able to calculate the number of electrons (n) 

involved in the redox change. Similarly, if the number of electrons (n) is known, one can 

calculate the diffusion coefficient (D) of the species, and any of the other variables. 

Diagnostic criteria to identify a reversible process 

To prove reversibility of the system when CV is performed, the following conditions should 

hold: 

► the ratio of the currents: reduction (Jp,c) and oxidation (Ip,a) is near unity (Jp,a = lp,c or

lp,a I lp,c = 1) 

► the peak potentials (Ep,a and Ep,c) are independent of the scan rate, v

► the formal potential ( E fJ ) is positioned midway between Ep,a and Ep,c, so that

E fJ = (Ep,a + Ep,c) I 2

► the peak current (Ip) is proportional to v½ 
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► the separation between the peak potentials Ep,a and Ep,c is 59 mV/n for an n-electron

couple at 25 °C or IEp,a-Ep,cl would be 59 m V for a 1 electron process and 30 m V for a

2 electron process. Thus, the separation can be used to determine the number of

electrons transferred and as a criterion for Nernstian behaviour.

Moreover, if the electron transfer is fast relative to the diffusion of electroactive species from 

the bulk solution to the surface of the electrode, the reaction is said to be electrochemically 

reversible and the peak separation ( M p) is given by equation 20 below. 

(20) 

where 11Ep is the peak separation (V), Ep,a is the anodic peak potential (V), Ep,c is the cathodic 

peak potential (V), n, F and Rare explained in equation 18 [132]. According to equation 20, 

for reversible one-electron processes, the peak-to-peak separation assumes different values as 

a function of the temperature [ 131]. When the value of 11Ep is measured, a departure of 10 -

20 m V from the theoretical value, especially at high scan rates, does not compromise the 

criterion for reversibility. This is due to the fact that the eventual presence of solution 

resistance, if not adequately compensated by the electrochemical instrumentation, tends to 

shift the forward/reverse peaks system, thereby increasing the relative value of !3.Ep [130-

131]. 

b) Quasi-reversible systems

A quasi-reversible process refers to one occurring in the transition zone between reversible 

and irreversible behaviour. A typical cyclic voltarnmograrn for a quasi-reversible process is 

shown in Figure 12 (Curve B). A quasi-reversible process is characterised by determining 
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either the thermodynamic parameter E ff (formal potential) or the kinetic parameters, a 

(transfer coefficient) and k (rate constant) [130-131]. 

Diagnostic criteria to identify a quasi-reversible system 

For a quasi-reversible system, the following conditions should hold: 

• llpl increases with v112 but is not proportional to it 

• lp,a = lp,c or lp,a / lp,c = 1 provided ac = a a  = 0.5 

• Mp is greater than 59/n m V and increases with increasing v

• Ep,c shifts negatively with increasing v. 

The current for quasi-reversible process (with 10- 1 > k > 10-5 cm s- 1 ) is controlled by both 

charge transfer and mass transport. In such a case, the shape of the CV is a function of 

k nFv k
Jrr;_;jj (wherea= 

RT 
). When the values of Jrr;_;jj increase, the quasi-reversible process

approaches the reversible system and when its values decrease (i.e. at very fast scan rate) an 

irreversible process behaviour is observed. Compared to reversible system, cyclic 

voltammograms of a quasi-reversible system are more drawn-out and have a larger peak 

potential separation [132]. 

c) Irreversible systems

The most important characteristic of a cyclic voltammogram of a totally irreversible system is 

the total absence of a reverse peak. For totally irreversible systems, the peak potential shifts 

with the scan rate. In addition, the individual peaks are reduced in size and widely separated 

as shown in Figure 12 (curve A). 
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- - - ► E

Figure 12: Typical cyclic voltammograms for an irreversible electrochemistry process 

(curve A) and for a quasi-reversible process (curve B) [132]. 

Diagnostic criteria to identify an irreversible process 

The following conditions are required to identify whether an electrochemical process IS 

irreversible: 

• there is no reverse peak
l 1 I  

, 1 1  -
h l l . . 1 1/2 • t e p,a or p,c IS proportiona to v 

-

• the value of Ep shifts -30/a.n for each decade increase in v

48 • I E P - E p 12 I= - m Van 

,i.... 

Totally irreversible systems are characterised by a shift of the peak potential with the scan 

rate [132]. 

E =E fJ _ _!!!__[0.78-ln(_!:_)+ln(ana F v )
112

] 

P an F D112 RT a 
(21) 

Where k is heterogeneous rate constant and a is the transfer coefficient and na is the number 

of electrons involved in the charge-transfer step. Thus, Ep occurs at higher potentials 

than E0
' , with the over-potential related to k and a. In cases where Ep is independent of k, the 
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shift of the peak potential could be compensated by an appropriate change of the scan rate; 

the peak potential and the half-peak potential (at 25 °C) will differ by 48/an mV. Therefore, 

when an decreases, the voltammogram could become more drawn out. Equation 21 also 

allows for the calculation of the heterogeneous rate constant, k, if the values of E f'J and D are 

known. The peak current for an irreversible process is given by [135]: 

(22) 

For an irreversible process, the peak current (Ip) is proportional to the bulk concentration (Co) 

but can be lower in value depending on the value of the transfer coefficient (a). Assuming 

that a = 0.5, the ratio of reversible-to-irreversible peak current will be 1.27 (i.e. the peak 

currents for the irreversible process is about 80% of the peak for the reversible one). The 

chemical meaning of an irreversible electrochemical process implies that a large activation 

barrier to the electron transfer takes place causing breakage of the original molecular frame 

with the formation of new species [130-131 ]. 

d) Study of adsorption processes

Cyclic voltammetry can also be used for evaluating the interfacial behaviour of electroactive 

compounds. Both the reactant and the product can be involved in an adsorption - desorption 

process. Such interfacial behaviour can occur in studies of numerous organic compounds, as 

well as of metal complexes (if the ligands is specifically adsorbed) [132]. In some cases, the 

sample to be characterised may be immobilised onto the surface of a working electrode 

(chemically modified electrodes). In such a case, the surface concentration (I)  of the 

absorbed species could be estimated from a plot of current (Ip) versus scan rate (v) in 
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accordance with the Brown Anson model ( equation 23) where I '  is the surface concentration 

(mol cm-2) [131-132]. 

n2F 2r AvI=----
P 4RT 

(23) 

During the reduction or adsorption of the adsorbed layer, the quantity of the charge (Q) 

consumed can also be used to calculate the surface coverage or surface concentration (I)  

[132]. 

(24) 

Where Q is the charge in Coulomb (C) and r is a surface coverage in mol cm-2. Cyclic

voltammetry is a good technique for studying the electrochemistry of nanomaterials since 

some nanomaterials exhibit reversible, quasi-reversible and irreversible behaviour. 

2.2.5.1.2 Electrochemical impedance spectroscopy (EIS) 

For electrochemical studies of nanomaterials, the nanomaterials are usually immobilised on 

electrodes. Electrochemical Impedance spectroscopy (EIS) is an excellent, non-destructive, 

accurate and rapid in-situ technique for examining processes occurring at the electrode 

surface [136]. The measurement of EIS involves application of a sinusoidal voltage to an 

electrochemical cell, and measuring the current response. A frequency response analyser 

generates time-invariant amplitude (A), phase (0) and angular frequency (co) voltage-current 

waves. The ratio of voltage (E) to current (I) gives the impedance and has units of resistance 

(ohms), in accordance with the Ohm's law; Voltage (E) = Current (I) x Resistance (R). The 

total impedance is therefore a function of frequency and is expressed in a complex form, with 

real and imaginary components as follows: 
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Z(Jcv)= E( cv) =Z'( cv)+ JZ"(cv) I(; cv) 
(25) 

where Z' (ro) andjZ" (ro) are the real and imaginary impedance respectively,j =  -1 and is an 

imaginary number while ro is the radial frequency (rad. s-1) and equals 2nf, f being the 

exciting frequency (Hz). Impedimetric data is graphically represented in various forms. The 

most common is the Nyquist plot whereby the imaginary part of the impedance (Zi) is plotted 

against the real part (Zr) over a wide frequency range (normally 100 kHz to 0.1 Hz). The real 

part of the impedance represents the resistive component of the system while the imaginary 

part is due to insulating layers such as the double layer capacitance or any additional layers in 

the system. In the Nyquist plot, the low frequency data is represented on the right side while 

the high frequency data is represented on the left side of the diagram. The Nyquist plot of 

impedance spectra includes a semicircle portion and a linear portion, with the former at 

higher frequencies corresponding to the electron transfer process and the latter at lower 

frequencies corresponding to the diffusion process. The electron transfer resistance (Rct) at 

the electrode surface is equal to the semicircle diameter, which can be used to describe the 

interface properties of the electrode [ 13 7]. 

Another way of presenting impedance data is a Bode plot in which the logarithm of the 

absolute value of Z' and the phase (0) are plotted against the logarithm of the frequency (I) 

[138]. This can be plotted together or separately. Nyquist plots are more commonly displayed 

for historical reasons, the data is however often poorly resolved (particularly at high 

frequencies), and the explicit frequency dependence is not displayed in the plot. In contrast, 

the Bode plot directly displays the frequency dependence; in addition, the data is well 

resolved at all frequencies, since a logarithmic frequency scale is used. When the frequency 
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of the AC waveform is varied over a wide range of frequency ( ca about 104 and > 106 Hz), 

the impedance obtained for the system is a function of the operating frequency. Spectra of the 

resulting impedance at different frequencies reveal the different electrochemical kinetics 

involved in the system. While dipolar properties are manifested at high frequency regions, 

bulk and surface properties will be evident at intermediate and low frequencies respectively 

[138]. The total impedance of a system is determined by the impedances of the various 

components of the electrochemical cell; for example, electron transfer kinetics, diffusion and 

passivating layers. The relative contribution of the various components typically varies with 

frequency; for example, electron transfer kinetics may dominate at high frequencies, whereas 

diffusion may dominate at lower frequencies [138]. Measuring impedance over a wide 

frequency range allows processes with different time scales such as electron transfer, mass 

transport and chemical reaction to be detected within the same experiment. Figure 13 shows 

the impedance diagram for the real impedance (x-axis) and imaginary impedance (y-axis) 

with low frequency data being on the right side of the plot and higher frequencies are on the 

left [138]. 

-lmZ

Ci) 

Figure 13: A typical impedance diagram. 
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A typical Nyquist plot for the impedance data is shown in Figure 14. The semi-circular shape 

is characteristic of a single "time constant". 

: - - 1 0 0 0  
N 

- 5 0 0

0 

Figure 14: A typical Nyquist plot. 

3 0 0 0  

EIS is a useful tool in studying the kinetics of electrochemical reactions. Redox reactions 

usually involve charge transfer kinetics and mass transfer. The slower of this two determines 

the rate of the reaction. The mass transfer in EIS is limited to diffusion ( concentration 

gradient) by the steady state conditions. Figure 15 shows the Nyquist plot indicating the 

kinetically controlled (higher frequency) and the mass controlled (low frequency) parts of the 

plot. 
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Figure 15: A typical Nyquist plot showing some kinetic parameters. 

.. 

From Wmax (frequency at maximum imaginary impedance of the semicircle) useful kinetic 

parameters such as double layer capacitance (Cd1), (obtained using equation 26), time 

constant ( cycle life) r, ( calculated using equation 27), exchange current I O , (Calculated 

using equation 28) and heterogeneous rate constant k ( calculated using equation 29) can be 

calculated: 

(26) 

r=Rctcdl  (27) 

lo = RT
nFRct

(28) 

k= Io 
(29) nFAC0 
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where CVmax = 2 7 t  f, Rs is the solution resistance, Rc 1 is the charge transfer resistance, Cd1 is the 

double layer capacitance, R is the gas constant (8.314 J K-1 mor 1), F i s  the Faradays constant 

(96 486 C mor 1) , n is the number of electrons, r is the time constant or cycle life, / 0 is the 

exchange current (relates rate constant to electron transfer at zero overpotential), C0 is the 

concentration (mol cm-3) and k is the heterogeneous rate constant. A representative plot of 

frequency as x-axis versus logarithm of real impedance as y1-axis, and phase angle as y2-axis 

called Bode plot is presented in Figure 16 and 17. Bode plot is a plot of log magnitude of 

impedance and phase angle versus log of frequency [139]. 
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Figure 16: A typical Bode plot showing variation of impedance and phase angle with 

changes in frequency. 
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Figure 17: A Bode plot showing some kinetic parameters. 

The Bode plot gives direct information on the frequency and phase angle. The frequency at 

maximum phase is a useful parameter in determining the double layer capacitance using 

equation 30: 

OJ¢ r n a x

(1 +Rct I 0 1) 

R c t c d l 
(30) 

Impedance data is commonly analysed by fitting it to an equivalent circuit model. The 

frequently used circuit, called the Randles equivalent circuit is composed of different 

elements such as resistors, capacitors, and inductors joined in series or in parallel (see Figure 

18). 

Figure 18: Randles equivalent circuit for a simple electrochemical cell. 
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C is capacitance which is the ability of an electrochemical system to store or retain charge 

and Zw is the Warburg impedance associated with the resistance as a result of the diffusion of 

ions across the electrode/electrolyte interface. Thus, EIS can give useful information on the 

basis of impedance changes at the electrode surface before and after its modification. 

2.2.5.2 Microscopy 

For metal nanoparticles adsorbed onto a substrate or in colloid solutions, it is important to 

know the degree of aggregation, size, size distribution, and morphology of the particles. 

Microscopies of various types can be used to obtain this and other information. 

2.2.5.2.1 Electron microscopy 

Electron microscopy is particularly useful for studying nanoparticles as the electron beam can 

be focused down to very small dimensions [91]. 

2.2.5.2.1.1 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is a microscopic technique which involves the 

transmission of a beam of electrons through an ultra-thin specimen and interacts with the 

specimen as it passes through. An image is formed from the interaction of the electrons 

transmitted through the specimen; the image is magnified and focused onto an imaging 

device, such as a fluorescent screen on a layer of photographic film, or to be detected by a 

sensor such as a CCD camera. Transmission electron microscopes are capable of imaging at a 

significantly higher resolution than light microscopes, owing to the small de Broglie 

wavelength of electrons. This enables the instrument's user to examine fine detail-even as 

small as a single column of atoms, which is tens of thousands times smaller than the smallest 

resolvable image in a light microscope. The homogeneity of particle size or shape, aggregate 
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state and morphology on the atomic scale is quite important to reveal the physical properties 

of nano-sized materials. These can be obtained by the use of TEM which is an indispensable 

technique commonly used for metal nanoparticle studies. Through the use of TEM, one can 

view the finest structures [91]. 

The sample preparation for colloidal dispersions of metal nanoparticles for TEM observation 

is quite simple, involving evaporation of a small drop of dispersion onto a carbon coated 

micro-grid. However, the carbon coating must be thin enough to obtain a good contrast. 

Further, if the dispersion contains many additives, such as stabilisers or ligands, it may be 

diluted or filtered to obtain a clear view. TEM is particularly useful because of the high 

contrast between the metal atoms (especially heavy metals) and any passivating organic 

molecules or polymers. Recent improvement to a high-voltage electron beam technique has 

recently been done and the resolution of transmission electron microscopy is now sufficient 

to have a clear image of metal nanoparticles at the Angstrom level as described below. 

2.2.5.2.1.2 High resolution transmission electron microscopy (HRTEM) 

High-resolution TEM (HRTEM) offers resolution down to Angstrom level and enables 

information to be obtained on the structure (atomic packing) rather than just the morphology 

of the nanoparticles. It provides information not only on the particle size and shape but also 

on the crystallography of monometallic and bimetallic nanoparticles [140-141]. HRTEM can 

also estimate the area composition by fringe measurements. In this work HR TEM was used 

to determine the size, morphology and the crystallinity of the materials under study. The 

orientation of the instrument is depicted below, in Figure 19. 
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Figure 19: Schematic presentation of HRTEM (A) and an example of a HRTEM image 

(B) (142].

2.2.5.2.1.3 Scanning transmission electron microscopy (STEM) 

Scanning transmission electron microscopy (STEM) is a mode of operation of TEM in which 

an electron beam is scanned across the sample. This may be combined with "Z-contrast" 

imaging technique to reveal the internal structure of the nanoparticles, based on the different 

electron scattering powers of different elements, so that chemical information can be obtained 

in tandem with structural information [143]. This method is particularly useful for studying 

bimetallic nanoparticles where the constituent elements have similar lattice spacing e.g. Pd-Pt 

and Ag-Au. 

2.2.5.2.1.4 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is similar to STEM but the image is due to secondary 

electrons emitted by the sample surface following excitation by the primary electron beam. 

Although SEM images have lower resolution than TEM, SEM is better for imaging bulk 

samples and has a greater depth of view, giving rise to better 3D images of the sample. It is a 

facile imaging technique that is able to produce three-dimensional images of material 
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surfaces. It has high magnification, large depth of focus, great resolution and ease of sample 

observation. SEM basic operation entails the interaction of an accelerated highly mono-

energetic electron beam, originating from cathode filament, with atoms at the sample surface. 

The electron beam is focused to a fine probe which is rastered over the sample. The rastered 

electrons are collected by a detector, modulated and amplified to produce an exact 

reconstruction of the sample surface and particle profile [144-145] A requirement for 

effective performance is that the surface of sample should be electrically conductive. 

Conductive materials such as metals and carbon are introduced directly to the SEM while 

non-metallic samples have to be coated with a gold metal layer to be observed. Energy 

dispersive spectrometer (EDX) detector system is usually coupled to SEM machines which 

are used to detect and display most of the spectra of elements making up the sample 
' 

elemental composition. II 

IC I 
2.2.5.2.2 Scanning probe microscopy 

Scanning probe microscopes (SPM) define a broad group of instruments used to image and 

measure properties of material including, chemical, and biological surfaces. SPM images are 

obtained by scanning a sharp probe across a surface while monitoring and compiling the tip-

sample interactions to provide an image. The measurement of the strength of the interaction 

is used to map out the topography, electronic/magnetic structure, or chemistry of  the surface 

[146]. Prior to the invention and commercial availability of SPMs, researchers traditionally 

used (and still use) a variety of  microscopes to image surfaces and measure surface 

morphology on a microscale. Optical microscopes are the most common instrument available 

to image any sample that is not completely optically transparent. Resolution is limited to 

about 1 µm and only images and size measurements from features lying in the surface (x-y) 

plane are obtainable. Also, optical microscopy has a relatively small depth of field. SPMs 
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provide a number of advantages over these conventional microscopy techniques such as: it 

probes the sample and makes measurements in three dimensions; x, y, and z (normal to the 

sample surface), thus enabling the presentation of three-dimensional images of a sample 

surface and can image materials at nanoscale. There are two primary forms of SPMs; 

scanning tunneling microscopy (STM) and atomic force microscopy (AFM). 

2.2.5.2.2.1 Scanning tunneling microscopy (STM) 

STM was first developed in 1982 at IBM in Zurich by Binnig, et al. [147]. The invention of 

the scanning tunneling microscope has had a great impact on technical community by 

providing a new and unique tool to advance fundamental science and technology [148]. A 

fine tip is brought extremely close to the surface, and a voltage is applied between the tip and 

the sample, which must be conducting, until a tunneling current flow, which is very sensitive 

to the distance between the tip and surface. We have two modes used in STM; constant 

current mode and constant height mode. In constant current mode, the STM tip is rastered 

across the surface and moved up or down to keep the current flow constant, thereby 

generating real-space, atomic resolution topographic images of the sample. In constant height 

mode, the tunneling current is measured with the tip maintained at constant height, which can 

provide information on electronic structure as well as topography. Scanning tunneling 

spectroscopy is an off shoot of STM, which measures the local electronic structure (which 

depends on the atomic species and its environment) of a surface atom. 

Although the ability of the STM to image and measure material surface morphology with 

atomic resolution has been well documented, only good electrical conductors are candidates 

for this technique. This significantly limits the materials that can be studied using STM and 

thus led to the development, in 1986, of the atomic force microscope by Binnig Quate and 
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Gerber [ 149]. This enabled the detection of atomic scale features on a wide range of 

insulating surfaces that include ceramic materials, biological samples and polymers [149]. 

2.2.5.2.2.2 Atomic force microscopy (AFM) 

Atomic force microscopy has become a standard technique for high-resolution imaging of 

the topography. It enables one to see nanoscopic surface features. This powerful probe 

microscopy operates by measuring the force between the probe and the sample. This force is 

attributed to repulsion generated by the overlap of the electron cloud at the probe tip with the 

electrode cloud at surface atoms [ 150]. It depends in part on the nature of the electrode, the 

distance between the electrode and the tip, any surface contamination and the tip geometry. 

The interaction of the force fields is sensed by a cantilever beam, to which the tip is attached. 

An image (revealing individual atoms) is created as the probe is rastered across the surface 

[150]. Such images can be formed by constant-force or constant-height mode (with known 

or measured deflections of the cantilever, respectively). Since AFM doesn't involve passage 

of current between the tip and the surface, it is useful for exploring both insulating and 

conducting regions [150]. A fine tip is brought into close (but not touching) contact with the 

sample and senses the small repulsive force between the probe tip and the surface. The tip is 

rastered over the sample to measure the surface topography. AFM provides a number of 

advantages over conventional microscopy techniques. It probes the sample and make 

measurements in three dimensions; x, y, and z (normal to the sample surface), thus enabling 

the presentation of three-dimensional images of a sample surface. This provides a great 

advantage over any microscope available previously [150]. With good samples (clean, with 

no excessively large surface features), resolution in the x-y plane ranges from 0.1 to 1.0 nm 

and in the z direction in 0.01 nm (atomic resolution) is possible. AFM requires neither a 

vacuum environment nor any special sample preparation, and they can be used in either an 
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ambient or liquid environment. With these advantages AFM has significantly impacted the 

fields of materials science, chemistry, biology, physics, and the specialised field of 

semiconductors [150]. Figure 20A illustrates an AFM probing a sample surface with a sharp 

tip while (B) is a topographical representation of the acquired image. 

Figure 20: An illustration of AFM probing a sample surface with a sharp tip (A) and an 

example of an AFM image (B) [142]. 

2.2.5.3 Mass spectrometry 

Mass spectrometry is used to study the mass abundance of clusters/nanoparticles in a cluster 

molecular beam by deflecting them (according to their mass) in an electric field after they 

have been ionised, generally by electron impact or laser ionisation. Mass abundances 

occasionally show peaks which are intense relative to their neighbours. These "magic 

numbers" can often be explained in terms of extra thermodynamic or kinetic stability at these 

particular sizes, which may be due to electronic or atomic packing effects [ 151]. 
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2.2.5.4 Diffraction 

2.2.5.4.1 X-ray Diffraction (XRD) 

XRD is a technique that has widely been used to study nanoparticles, affording information 

on structure, crystallinity, lattice spacing (and hence some information on the degree of 

mixing or segregation, provided that the lattice spacing of the two metals are distinct), 

particle size, and qualitative chemical composition information. It can also be performed on 

single nanoparticles or arrays of nanoparticles [ 152]. 

2.2.5.4.2 Electron diffraction 

Electron diffraction is a diffraction technique that has been more widely used for molecular 

beams of clusters [91]. Although interpretation of the electron diffraction results is complex, 

information on the geometry, average size and temperature of the nanoparticles may be 

obtained [ 91 ]. 

2.2.5.5 X-ray spectroscopy 

High-energy X-ray radiation is particularly useful for studying metallic nanoparticles because 

the binding energies of the atomic core electrons are very sensitive to the atomic number of 

the element, generally allowing metals which are adjacent in the periodic table to be 

distinguished and the following techniques might be used [91]. 

2.2.5.5.1 X-ray absorption spectroscopy (XAS) 

XAS is very useful technique for probing the internal structures of metal nanoparticles and 

species adsorbed on them [153]. Its use has increased due to the availability of synchrotron 

radiation facilities around the world [91]. Each element's X-ray absorption spectrum is 

unique and enables information to be obtained about the elements present in the nanoalloys 
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and the local atomic environment and geometry, electron density, oxidation state, electronic 

configuration, site symmetry, coordination number, and interatomic distances [91]. XAS 

comprises of a number of related techniques such as extended X-ray absorption fine structure, 

near-edge X-ray absorption fine structure, X-ray absorption near-edge structure, X-ray 

photoelectron spectroscopy and Auger electron spectroscopy. 

i) Extended X-ray absorption fine structure (EXAFS)

A monochromatic X-ray beam is directed at the sample. The photon energy of the X-rays is 

gradually increased so that it traverses one of the absorption edges of the elements contained 

within the sample. Below the absorption edge the photons cannot excite the electrons of the 

relevant atomic level, and thus, absorption is low. However, when the photon energy is just 

sufficient to excite the electrons, a large increase in absorption occurs, which is known as the 

absorption edge. The resulting photoelectrons have low kinetic energies and can be 

backscattered by the atoms surrounding the emitting atom. The probability of X-ray 

absorption depends on the photon energy. The net result is a series of oscillations on the high 

photon energy side of the absorption edge. These oscillations can be used to determine the 

atomic number, distance, and coordination number of the atoms surrounding the element 

whose absorption edge is being examined. 

ii) Near-edge x-ray absorption fine structure (NEXAFS)

It is generally applied to study chemisorbed molecules on surfaces. Information concerning 

the orientation of the molecule can be inferred from the polarisation dependence. NEXAFS is 

sensitive to bond angles, whereas EXAFS is sensitive to the interatomic distances. 
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iii) X-ray absorption near-edge structure (XANES)

It uses radiation up to 40 e V from the X-ray absorption edge and can provide information 

about the vacant orbitals, electronic configuration, and site symmetry of the absorbing atom 

[91]. The absolute position of the edge contains information about the oxidation state of the 

absorbing atom. In the near edge region, multiple scattering events dominate. Theoretical 

multiple scattering calculations are compared with experimental XANES spectra in order to 

determine the geometrical arrangement of the atoms surrounding the absorbing atom. 

2.2.5.5.2 X-ray photoelectron spectroscopy (XPS)   -.:   = - ..:_ - ..::.   = -;:;;:.:_--

XPS is a technique based on the photoelectric effect, whereby absorption of light by an atom, 

molecule, or solid/surface results in the ejection of electrons, provided that the photon energy 

is sufficient to overcome the binding energy of the electron. For XPS, Al Ka (1486.6 eV) or 

Mg Ka (1253.6 eV) photons are generally used [154]. Both valence and core electrons can be 

ejected by X-ray radiation. The core electron binding energies are characteristic of each 

element, and the peak areas can be used to determine the metal nanoparticles composition. As 

the peak shape and binding energy are sensitive to the oxidation and chemical state of the 

emitting atom, XPS can also provide chemical bonding information [155]. The XPS 

technique is highly surface specific due to the short range of the ejected photoelectrons. 

2.2.5.6 Energy disperse X-ray microanalysis (EDX) 

Energy dispersive X-ray spectroscopy (EDX) coupled with a transmission electron 

microscope with high resolution is one of the most revealing analytical methods for 

analysing the composition of bimetallic, ternary and quaternary nanoparticles [92]. The 

electron beam can be focused on a single particle by TEM, to get information from 

individual particles. Each element in the chosen nanoparticle emits X-rays at their 
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characteristic energies by electron beam irradiation, and their intensity is proportional to the 

concentration of  each element in the particle. For sufficiently large particles, the electron 

beam can be spotted on the surface area or on the centre of  the particle, to investigate the 

regional composition, which often reveals non-uniformity in the composition. Such 

variations o f  each particle are important when the structure or the preparative process of  

these bimetallic nanoparticles is considered. When energy disperse X-ray analysis (EDX) is 

used in conjunction with TEM, localized elemental information of  the nanoparticles and 

alloy nanoparticles can be obtained. EDX can also be used in conjunction with SEM. An 

electron beam (typically 10-20 keV) strikes the surface of  a conducting sample, causing X-

rays to be emitted, whose energies depend on the material under examination. The X-rays are 

generated in a region about o f  2 µmin depth. EDX is a high-resolution (with approximately 

1.5 nm lateral resolution) variant of  electron microprobe analysis or X-ray microanalysis 

whereby information can be obtained on the chemical composition o f  individual 

nanoparticles [91]. 

2.2.5. 7 Other spectroscopic techniques 

2.2.5.7.1 UV-visible spectroscopy 

It is a spectroscopic technique that involves the spectroscopy of  photons in the UV-visible 

region. It uses light in the visible and adjacent (ultraviolet (UV) and near infrared (NIR) 

ranges). In UV-visible spectroscopy, one can monitor the colour of  a material and current at 

the same time. The colour monitored is the wavelength at which the maximum of  the 

absorption band(s) occurs, Amax, together with the absorbance at each of  these wavelengths. 

The optical absorbance, Abs, is defined according to the equation: 
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Ab _ 1 ( T with no sample)
S - 0glO Twithsample 

(31) 

where T is the transmittance of light following its passage through the cell. Any changes in 

the absorbance relates to the amount of electro-active material as converted by the flow of 

current. It is a major technique that is used in the quantitative determination of solutions of 

transition metal ions and highly conjugated compounds. For example, if a material absorbs 

UV-visible light, then we can monitor its concentration using Beer-Lambert relationship; 

Abs=E£of  (32) 

where the absorbance is determined at fixed wavelength A, E is the extinction coefficient 

( cited at the same value of A), and / is the optical path length. If the magnitude of the 

extinction coefficient at ')... is known, then the amount of analyte ( C0 ) can be quantified simply 

by determining the optical absorbance and inserting the values into equation 32. Most of the 

analytical techniques are not particularly useful for telling us what 'something' is, but are 

excellent at telling us how much of that 'something' is present, or has been formed or has 

been changed. Therefore, UV-visible spectroscopy is one of the best ways of identifying an 

analyte. This is because each specific analyte absorbs energy in the form of photons at 

different wavelengths [ 15 6]. 

The property most immediately observable for metal nanoparticles dispersions of certain 

metals is their colour. For example, Au, Ag and Cu nanoparticles and the alloys formed from 

them have characteristic colours related with their particle size [157]. Thus, for these metals, 

observation of UV-visible spectra can be a useful complement to other methods in 

characterising metal particles. Comparison of spectra of bimetallic, ternary and quaternary 
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nanoparticles with the spectra of physical mixtures of the respective monometallic particle 

dispersions can confirm the structures for the nanoparticles [158-160]. Furthermore, with the 

goal of revealing the formation processes of bimetallic ternary and quaternary nanoparticles, 

that is, the reduction of metal ions and the aggregation process, the observation of UV-

visible spectral changes during reduction can provide quite important information [161]. The 

optical properties are sensitive to the chemical composition and degree of ordering of 

bimetallic nanoparticles, especially of the noble metals [162]. Changes in UV-visible spectra 

can also be used to study reduction of metal ions and their aggregation during cluster 

formation process [32]. Figure 21 illustrates how a UV-vis spectrometer functions. 

Figure 21: Illustration of how a UV-visible spectrometer functions [142]. 

2.2.5.7.2 Infrared (IR) spectroscopy 

IR (including Fourier transform IR (FT-IR)) spectroscopy is widely used to study the 

vibrational spectra of small molecules adsorbed on metallic clusters and nanoalloys. For 

example, by making comparisons with pure metal clusters or surfaces, IR spectroscopy of 

small molecules (e.g., CO) adsorbed on bimetallic nanoparticles can be used as a probe for 

the surface composition and structure of the sample [32, 162]. 
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2.2.5. 7 .3 Photoelectron spectroscopy 

It is technique that is used to investigate the electronic and dynamical properties of  metal 

nanoparticles using lower energy radiation (from IR to UV). 

2.2.5.7.4 Surface-enhanced Raman spectroscopy 

The Raman scattering intensity of molecules is greatly enhanced (by as much as 5 orders of . 

magnitude) when they are absorbed on certain metals [162]. The effect (which again probes 

vibrational structure) is used to study the binding of adsorbates on metallic nanoparticles and 

the cluster formation processes [162]. 

2.2.5.7.5 Nuclear Magnetic Resonance (NMR) 

NMR spectroscopy probes the local magnetic environment of a nucleus with non-zero 

magnetic moment in terms of its chemical shift (which depends on the amount of diamagnetic 

and paramagnetic shielding or deshielding) and line splitting due to magnetic coupling to the 

nuclear spins of neighbouring atoms. In the case of quadrupolar nuclei, the line shape and 

number of peaks can also give information on the symmetry of the atomic environment. 

Regarding mono- and bimetallic nanoparticles, NMR spectroscopy has been performed on 

metallic nuclei (e.g., 63Cu, '03Rh, 195Pt, and 197Au), where the chemical shift is dominated by 

the Knight shift, arising from the conduction electrons, thereby giving a measure of the 

metallic nature of the particles [162]. Nanoparticles paramagnetism and ferromagnetism can 

also be probed by NMR. It has also been used to investigate the structures of adsorbed 

organic molecules (including passivating molecules and polymers), for which the most useful 

nuclei are 1H, 13C and 31P [162]. 
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2.2.5.7.6 Electrochemical NMR spectroscopy (EC-NMR) 

ECNMR was introduced in the late 1980s for the study of electrochemical surfaces, providing 

an electronic level description of electrochemical interfaces based on the local density of 

states at the Fermi level. 13C and 195Pt are particularly useful nuclei for investigating 

electrochemical interfaces and probing nanoparticles and nanoalloys [91]. 

2.2.5.8 Ion Spectroscopy/Scattering (IS) 

Ion spectroscopic techniques involve accelerating ions onto a sample and detecting the 

energies and distribution of scattered ions. Ion energies are as follows: 1-10 ke V for low-

energy IS (LEIS), 20-200 keV for medium-energy IS, and 200-2000 keV for high-energy IS. 

The higher the incident ion energy, the smaller the target atoms appear, though the yields are 

smaller, so low energies are best for surface-specific information [154]. The energy and angle 

of the scattered ions are analysed simultaneously, allowing measurement of atomic mass (and 

hence composition), depth (down to 1 atomic layer is possible), and surface structure [91]. 

Depending on the incident ion energy, ion scattering may be accompanied by surface etching. 

Following the time evolution of the surface composition therefore allows depth profiling of 

the composition of bimetallic nanoparticles [ 163]. 

In this study, the electrochemical studies of the nanoalloys were carried out using CV and 

EIS. The size, shape and topography of the nanoalloys were obtained using microscopic 

techniques such as HRTEM and AFM. EDX was used to determine the elemental 

composition of the nanoalloys while the complete reduction of the metal salts to nanoalloys 

was investigated using UV-visible spectroscopy. 
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CHAPTER THREE 

EXPERIMENTAL SECTION 

Summary 

This chapter describes the general experimental procedures for the chemical synthesis o f  

PdAg, PdAu and PdAuAg polycrystalline nanoalloys and preferentially oriented Pt(] 00) 

nanoalloy systems. The spectroscopic, microscopic and electrochemical characterisation o f  

the synthesised nanoalloys is also outlined. Also described in this cha p ter are procedures for  

the fabrication o f  the nanoalloys towards the oxidation o f  ammonia and hydrazine. 

85 

http://etd.uwc.ac.za/



3.1 Reagents and materials 

Analytical grade palladium chloride (PdCb), hydrogen tetrachloroaurate (III) trihydrate 

(HAuC14 .3H2O), silver nitrate (AgNO3), potassium hexachloroplatinate (IV) (K2PtCl6), 

hydrogen hexachloroiridate (IV) hydrate (H2Cl6lr.H2O), sodium hexachlororhodate (III) 

(Na3RhC16), hydrazine (N2H4), sodium polyacrylate (PA), ammonium hydroxide (NH4OH), 

sulphuric acid (H2SO4, 98%), ascorbic acid, polyvinylpyrrolidone (PVP, MW = 55000), 

lithium perchlorate (LiC1O4), sodium hydroxide (NaOH) (  99%), potassium hydroxide 

(KOH), sodium borohydride (NaBH4), disodium hydrogen phosphate (Na2HPO4) (> 98%), 

sodium dihydrogen phosphate (NaH 2PO4) (>99%), potassium hexacyanoferrate (III) 

[K3Fe(CN)6] (  99%) and potassium hexacyanoferrate (II) [ Fe(CN) 6] (  99%) were all 

purchased from Sigma-Aldrich (Cape Town, South Africa). All chemicals were of analytical 

reagent grade and were used without further purification. Deionized water (18.2 MQ cm) 

purified by a Milli-QTM system (Millipore) was used as reagent water for aqueous solution 

preparations. 5 mM [Fe(CN)6]3-14- was prepared from  Fe(CN) 6 and K3F e(CN)6 in a 1: 1

ratio. Analytical grade argon gas was purchased from Afrox Company, South Africa. 

Alumina polishing pads and powder (0.05, 0.3 and 1.0 µm) were obtained from Buehler, 

Illinois, USA and were used for polishing the Pt electrodes. 

3.2. Measurements and instrumentations 

The synthesised nanoalloys were characterised using electrochemical, microscopic and 

spectroscopic techniques. The electrochemical techniques used for characterisation of the 

nanoalloys were mainly cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS). The voltammetric measurements were performed on a BAS 1 00W 

electrochemical workstation from BioAnalytical Systems Incorporation (Lafayette, USA) 

using a three-electrode cell system consisting of nanoalloy modified Pt electrode (1.6 mm 
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diameter, 0.0201 cm2), Ag/AgCl (saturated NaCl) and platinum wire as working, reference 

and counter electrodes, respectively. The platinum auxiliary electrode was cleaned by 

burning in a flame for several minutes and the Ag/ AgCl electrode was cleaned by rinsing 

with copious amounts of distilled water. All experimental solutions were purged with high 

purity argon gas and blanketed with the same during measurements. The experiments were 

carried out at controlled room temperature (25 °C). The electrochemical impedance 

spectroscopy (EIS) measurements were done on a Voltalab PGZ 402 from Radiometer 

Analytical (Lyon, France) using a three electrode configuration set up described above. The 

microscopic and spectroscopic techniques used were high resolution transmission electron 

microscopy (HRTEM), atomic force microscopy (AFM) and Ultra-violet visible spectroscopy 

(UV-vis). 

3.3 Preparation of the nanoalloys 

3.3.1. Synthesis of PdAu, PdAg and PdAuAg nanoalloys 

In a typical synthesis of PdAuAg ternary nanoalloy, 1.5 mL of a 5 mM aqueous solution of 

PdCh/HAuCk3H2O/AgNO3 mixtures was added to a 45.5 mL of highly purified water. To 

this solution, 1.5 mL of 0.1 M ascorbic acid (reducing agent) was added. After 15 s, an 

aqueous solution of PVP (5 mg/mL, 1.5 mL) was added (as a capping agent) drop wise with 

vigorous stirring and the solution was stirred further for 30 min. The resulting hydrosol was 

subjected to centrifugation to remove excess PVP (see scheme 2). Pd, PdAu and PdAg 

nanoparticles were prepared in the same way by substituting aqueous solutions of PdCh/ 

HAuC14.3H2O/ AgNO3 mixtures for the preparation of PdAuAg by PdCh, PdCh/ 

HAuC14.3H2O and PdCh/AgNO3 solutions, respectively. 
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Stir for 1 h, 25 °C 

' - - - '  C Q l : I W  • < I l l ' - - - . . . . .  ' - - - - - - . >  

Scheme 2: Methodology used for the synthesis of PdAgAu nanoalloys. 

3.3.2. Synthesis of polycrystalline Pt nanoparticles 

PdAuAg colloid 
nanoalloys 

Polycrystalline Pt nanoparticles were synthesised by adding drop wise 20 mL of a 1x10-2 M 

NaBH4 solution aged for 3 h to 20 mL of a 6.5 x 10-4 M K2PtC16 solution with vigorous 

stirring for 1 h at ice cold temperature. After complete reduction, 2-3 NaOH pellets were 

added to produce a precipitate of the nanoparticles and then washed 3-4 times with ultra-pure 

water. 

3.3.3 Synthesis of preferentially oriented Pt(lOO) nanoparticles 

Preferentially oriented Pt(l 00) nanoparticles were prepared by using the so-called colloidal 

method [119]. 0.1 mL of a 0.1 M sodium polyacrylate/poly(acrylic acid sodium salt) (average 

MW 2100) was added to a 100 mL of an aged 1x10-4 M K2PtC16 solution. The pH of the 

solution was adjusted to 7 with 0.1 M HCl. Argon gas was bubbled for 20 min followed by 

the reduction of the Pt ions using H2 gas for 5 min. The reaction vessel was then sealed and 

the solution was left overnight. After complete reduction (16 h) two NaOH pellets were 
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added to the solution to produce a precipitation of the nanoparticles. After complete 

precipitation, the nanoparticles were washed 3-4 times with ultra-pure water. 

3.3.4 Synthesis of Pt(lOO)M (M: Au, Pd, Ir, Rh, PdAu, Ir Au, Pdlr, RhAu) nanoalloys 

Pt(l00)PdAu nanoalloy was synthesised following the procedure that was used in the 

synthesis of Pt( 100) nanoparticles. Briefly stating, 0.1 mL of a 0.1 M sodium polyacrylate 

(average MW 2100) was added to a 100 mL of an aged solution containing 1 xl0-4 M 

K2P Cl6, 1x10-4 M PdCh and 1x10-4 M HAuC14. The pH of the solution was adjusted to 7 

with 0.1 M HCl. Argon gas was bubbled for 20 min followed by the reduction of the metal 

ions using H2 gas for 5 min. The reaction vessel was then sealed and the solution left 

ove:r;night. After complete reduction (16 h) two NaOH pellets were added to the solution to 

produce a precipitation of the nanoparticles. After complete precipitation, the nanoalloys 

were washed 3-4 times with ultra-pure water (see scheme 3). All the other Pt(I00)M 

nanoalloys were synthesised following the same procedure by using the respective salts of the 

metals. 
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o-Na + 

'-------,> 
AI, H2, 25 °C 
Stir for 16 h 

Scheme 3: Methodology used for the synthesis of Pt(lOO)PdAu nanoalloys. 

3.4. Fabrication of Pt electrode with nanoalloys 

Pt( 1 00)PdAu 
nanoalloys 

Prior to modification, the bare Pt electrode was polished to a mirror finish with 1.0, 0.3, and 

0.05 µm alumina slurries, respectively, and rinsed thoroughly with distilled water in between 

polishing with different sized alumina slurries followed by sonication in ethanol and water in 

the end. 10 µL solutions of already synthesised nanoalloys were drop-coated onto the Pt 

electrode and allowed to dry at room temperature. The modified electrodes were taken out 

and rinsed with water and were ready for electrochemical characterisation and application. 
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3.5 Characterisation of the nanoalloys 

3.5.1 Electrochemical characterisation 

3.5.1.1 Cyclic voltammetry (CV) 

For the electrochemical characterisation of the nanoparticles, the nanoalloy modified Pt 

electrodes (described in section 3.4 above) were gently rinsed with de-ionized water to 

remove any excess or weakly adsorbed nanoalloys and were further used for electrochemical 

characterisation. Electrochemical measurements were performed in 0.1 M LiC1O4 , 0.5 M 

H2SO4 , 1 M KOH solutions over a potential range of -600 mV to 1000 mV, -200 mV to 800 

m v_ and -1000 m V to 600 m V respectively at different scan rates. 0.5 M H2SO4 solution was

used as the test solution for the oriented nanoalloys. Fresh electrolyte solutions were prepared 

every time an experiment was carried out. 

To study the electrochemistry of  the PdAuAg colloid nanoalloy, 2 mL of the freshly prepared 

PdAuAg nanoalloys solution and 3 mL of 0.1 mL LiC1O4 supporting electrolyte solutions 

were put in a 10 mL electrochemical cell and de-aerated with argon gas for 10 min. 

Electrochemical measurements were performed over a potential range of -500 mV to 1000 

m v: The voltarnmograms were recorded under argon atmosphere.
( 

3.5.1.2 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) of the nanoalloy modified electrodes were 

measured using Voltalab PGL 402 from Radiometer Analytical (Lyon, France) in 1 M KOH 

and 5 mM Fe(CN)/14
- solutions and plotted in the form of complex plane diagrams (Nyquist 

plots) at a perturbation amplitude of 10 m V within a frequency range of 100 kHz to 100 mHz. 
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3.5.2 Morphological characterisation 

3.5.2.1 High resolution transmission electron microscopy (HRTEM) 

Before analysis, liquid samples of nanoalloy from the mother solutions were pre-concentrated 

by centrifuging at 14000 rpm for 30 min. A small drop of a dilute solution of the nanoalloys 

was placed on a carbon coated copper grid and dried under electric bulb for 30 min. HRTEM 

analysis of the mounted nanoalloys was done using Tecnai G2 F20X-Twin MAT 200 kV 

Field Emission Transmission Electron Microscope from FEI (Eindhoven, Netherlands). 

3.5.2.2 Atomic force microscopy (AFM) 

Surface morphology of the nanoalloys was studied by atomic force spectroscopy (AFM) 

using a Veeco NanoMan V model (Cambridge, USA). The preparation of samples for AFM 

analysis was as follows: 10 µL of liquid nanoalloys sample was dropped on a silicon 

substrate and left to dry at room temperature. The samples were scanned with a silicon tip at a 

spring constant of 1-5 Nim and resonance frequency of 60-100 kHz. 

3.5.3 UV-visible spectroscopy 

Freshly prepared samples were used for UV-vis analysis. UV-visible absorption measurements of 

samples were obtained in quartz cuvettes using a Nicolet Evolution I 00 UV-visible spectrometer 

(Thermo Electron Corporation, UK) at a wavelength of 200 nm to 800 nm. 
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3.6 Electrochemical oxidation of ammonia 

A Pt electrode was thoroughly cleaned by polishing it on a soft polishing pad using 1.00, 0.30 

and 0.05 µm slurries of alumina respectively, rinsing with de-ionized water after each polish. 

This was followed by ultrasonication in de-ionized water for 5 min. The well-polished Pt 

electrode was modified with nanoalloys as described in section 3.4. A freshly prepared 

electrode was used in all electrochemical measurements. The electrochemical measurements 

were performed at 25 °C in 0.1 M ammonia and 1 M KOH aqueous solutions saturated with 

argon gas. Cyclic voltammetric measurements were performed in the presence and absence of 

ammonia at sweep rates of 10 to 500 mV s- 1 between -1000 mV and 100 mV. The parameter 

effects on the working electrodes were investigated by altering the individual variables (both 

the concentrations of KOH and ammonia).   

3. 7 Electrochemical oxidation of hydrazine

II 

,, 

For the electrochemical oxidation of hydrazine, a glassy carbon electrode (GCE) was used 

instead of Pt electrode based on its better response to hydrazine oxidation. The GCE was 

thoroughly cleaned following the procedure that was used in polishing the Pt electrode 

described in section 3.4. 10 µL of the nanoalloy colloid solution was drop-coated on the 

thoroughly polished GCE and left to dry at room temperature. The modified electrode was 

then gently rinsed with de-ionized water to remove weakly adsorbed nanoalloys. A freshly 

prepared electrode was used in all electrochemical measurements. The electrochemical 

measurements were performed at 25 °C in 10 mM hydrazine in 0.1 M saline phosphate buffer 

solution (PBS), pH 7.4 aqueous solution saturated with argon gas. Cyclic voltammetric 

measurements were performed in the presence and absence of hydrazine at the sweep rates of 

5 to 500 m V s- 1 within a potential range of -500 m V to 600 m V. 
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CHAPTER FOUR 

RESULTS AND DISCUSSION: Part 1 

NOVEL HIGH-PERFORMANCE ELECTROCATAL YTIC PdAuAg NANOALLOYS 

FOR AMMONIA OXIDATION 

This is the first o f  four chapters outlining and discussing the results obtained from this study. 

This chapter deals specifically with the characterisation o f  PdAu, PdAg and PdAuAg 

nanoalloys and their subsequent application in the oxidation o f  ammonia. The chapter 

clearly illustrates how the polyvinylpyrrolidone (PVP)-capped nanoalloys were successfully 

synthesised by a simple chemical reduction method using ascorbic acid as a reducing agent. 

Spectroscopic, morphological, and electrochemical properties o f  these nanoalloys were 

interrogated using techniques such as UV-vis, HRTEM, AFM and CV The potential 

application o f  the nanoalloys as electrocatalysts for ammonia electro-oxidation was further 

investigated. 
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4.1 Introduction 

Extracting hydrogen from ammonia can be accomplished through the use of electrochemical 

approaches. The development of electrocatalytic techniques for ammonia oxidation has 

attracted much attention as an alternative energy supply with platinum being the most 

commonly used electrocatalytic material. Gerischer and Mauerer [164] proposed the 

mechanism of ammonia oxidation on platinum and Pt-group metals [165-166]: 

(33) 

(34) 

(35) 

(36) 

(37) 

(38) 

Where x = 1 or 2, y = 1 or 2. 

According to this mechanism, the partially dehydrogenated species NHads and NH2,ads are the 

active intermediates to form the final product of N 2  (equation 37), whereas Nads formed 

( equation 38) tends to block the electrode surface and becomes a poison for it [167]. Vooys 

et al. [168] discussed the correlation between the electrocatalytic activity of ammonia 

oxidation and the adsorption energy of Nads on various metals such as Ru, Rh, Pd, Ir, Pt, Au, 

Ag and Cu. Their Nads adsorption energies were found to follow the trend (decreasing Nads

activity); R u >  R h >  P d >  I r >  P t>> Au, Ag and Cu. Pt is the best electrocatalyst because 

metals having smaller Nads adsorption energy than Pt (e.g. Cu, Ag and Au) are inactive in 
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equation 33 or 34 [168] and it is almost insensitive to poisoning. However, alloying platinum 

group metals (PGMs) with other noble metals is believed to increase the electrocatalytic 

activity for ammonia oxidation in alkaline solutions. Endo et al. [167] pointed out that 

alloying Pt and Ir leads to enhanced electrocatalytic activity for ammonia oxidation in 

alkaline solutions. Pd which has the same d-valence electrons as Pt, less expensive than Pt 

and one of the platinum group metals is also a promising electrocatalyst based on its high 

electroactivity towards ammonia. However, it has a high Nacts adsorption ability making its 

application as an electrocatalyst a major challenge. Alloying it with noble metals having 

smaller Nacts adsorption energy such as Ru, Cu, Au and Ag will lower its high Nacts adsorption 

and increase its catalytic properties towards ammonia oxidation [169]. To the best of  our 

knowledge, there is no literature report on the synthesis of PdAuAg ternary nanoalloy and its 

subsequent application in ammonia oxidation. In this chapter, PdAu, PdAg and PdAuAg 

nanoalloy systems have been chemically synthesised by the use of ascorbic acid as the 

reducing agent and polyvinylpyrrolidone (PVP) as the capping agent and utilised further in 

the oxidation of ammonia. 

4.2 Spectroscopic and microscopic characteristics of the nanoalloys 

4.2.1 UV-visible spectroscopy 

The formation of the nanoparticles by reduction of Pd2+, HAuCk and Ag+ ions was 

confirmed by the use of UV-visible spectroscopy. Figure 22 shows the UV-visible spectra of 

PdCli, AgNO3 and HAuCk3H2O solutions while Figure 23 shows the UV-visible spectra of 

Pd, PdAu, PdAg, and PdAuAg nanoparticles. The absorption peaks observed at 260 nm for 

Ag+, 285 nm for Au3+ and 420 nm for Pd2+ ions [170] disappeared after the reduction 

indicating that the metal ions were completely reduced. The synthesised nanoparticles 
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showed no absorption peaks indicating a complete reduction of the metal ions to zero-valent 

nanoparticles. The colour of the solution turned from pale yellow to black. 
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Figure 22: UV-vis spectra of palladium chloride, silver nitrate and hydrogen 

tetrachloroaurate (III) trihydrate solutions. 
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Figure 23: UV-vis spectra of Pd nanoparticles, PdAg, PdAu and PdAgAu nanoalloys. 
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4.2.2 High resolution transmission electron microscopy 

The size, shape and the crystalline properties of the nanoparticles were investigated using 

high resolution transmission microscopy (HRTEM). Figure 24A shows typical HRTEM 

images of  the prepared Pd nanoparticles. The nanoparticles produced were found to be well 

dispersed, with an average diameter of 40-50 nm. HRTEM image of a single particle (not 

shown) revealed atomic lattice fringes demonstrating the crystalline nature of the 

nanoparticles. PdAg polycrystalline 5-12 nm sized bimetallic nanoparticles were obtained 

whose crystalline nature was evidenced by the presence of the lattice fringes (Figure 24B). 

Non-aggregated 20-30 nm sized PdAu bimetallic nanoalloys in form of clusters synthesised 

using the same procedure were observed as shown in Figure 24C. The non-aggregation of 

the nanoclusters is believed to have resulted from the electrostatic partial negatively charged 

oxygen atom present in the amide group of the PVP. The observed images are similar to 

those reported in literature for PdAu bimetallic nanoparticles [171]. For the PdAuAg ternary 

nanoalloys, crystalline non-aggregated 25-35 nm sized nanoalloys in form of clusters were 

observed (Figure 24D). Although the formation mechanism of PdAuAg alloy nanoclusters is 

not clear, it can be assumed that unstable small nanoparticles aggregate into the three-

dimensional nanoclusters (flower-shaped nanoparticles). Close inspection of the HRTEM 

images shows that the nanoclusters are built up by sixes of elongated primary nanoparticles 

with average dimensions of approximately 10 nm, and boundaries and voids between the 

components are present (see inset of Figure 24D). The formation of nanoclusters with 

flower-shaped porous structures or multi-branched structures has also been reported in 

literature. Lee et al. [172] reported the synthesis of flower-shaped Au-Pd alloy nanoparticles. 

Teng at al. [173] proposed a 'self-organization' mechanism for the fabrication of  porous Pt 

nanoparticles. Flower-shaped Rh nanoparticles were also reported by Hoefelmeyer and co-

workers [174]. It was found that ascorbic acid might promote the formation of multipodal or 
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porous particles [175-176]. However, we infer that the ascorbic acid reduction mechanism 

cannot explain the formation of the synthesised flower-shaped porous PdAuAg ternary 

nanoclusters entirely, because we could not obtain flower-shaped monometallic Pd and 

bimetallic PdAg nanoalloys under the same experimental conditions. 

Figure 24: HRTEM images of Pd nanoparticles (A), PdAg nanoalloys (B), PdAu 

nanoalloys (C) and PdAuAg nanoalloys (D). 
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4.2.3 Energy dispersive X-ray spectroscopy (EDX) analysis 

To investigate the elemental composition of the prepared nanoalloys, the PdAu, PdAg and 

PdAuAg nanoalloys were characterised using EDX. The EDX analysis (Figure 25 (a), (b), 

(c) and (d)) of the synthesised Pd, PdAu, PdAg and PdAuAg nanoparticles revealed the

elemental composition of the nanoparticles and showed that all the three elements; Pd, Au 

and Ag were present in the nanoalloy systems. However, other elemental signals were also 

recorded namely; silicon, oxygen and copper. The presence of silicon may have originated 

from contamination during sample preparation, the oxygen was due to the presence of PVP in 

the nanoparticles while copper is as a result of the copper grid onto which the nanoparticles 

were immobilised for the HRTEM analysis. 
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Figure 25a: Energy dispersive X-ray spectrum of Pd nanoparticles. 
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Figure 25b: Energy dispersive X-ray spectrum of PdAg nanoalloys. 
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Figure 25c: Energy dispersive X-ray spectrum of PdAu nanoalloys. 
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Figure 25d: Energy dispersive X-ray spectrum of PdAuAg nanoalloys. 

4.2.4 Atomic force microscopy (AFM) analysis 

20 

Atomic force microscopy (AFM) has become a standard technique for high resolution 

imaging of the morphology and topography of surfaces. It operates by measuring the force 

between the probe and the sample. The interaction of the force fields is sensed by a cantilever 

beam, to which the tip is attached. An image (revealing individual atoms) is created as the 

probe is translated across the surface. Such images can be formed by constant-force or 

constant-height modes (with known or measured deflections of the cantilever, respectively). 

Since AFM does not involve passage of current between the tip and the surface, it is useful 

for exploring both insulating and conducting regions [177]. AFM analyses were carried out 

for Pd, PdAg, PdAu and PdAuAg nanoparticles in order to investigate the differences in their 

surface morphology and topography. Figure 26 shows the AFM images of the silicon 

substrate used and the substrate modified with different nanoparticles. As can be seen from 
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Figure 26B, a random distribution of palladium nanoparticles over the silicon substrate was 

observed. The sizes of the formed palladium nanoparticles were found to be below 100 nm, 

which correlated well with the HRTEM results. PdAg nanoalloys (Figure 26C) showed well 

distributed nanoparticles on the substrate indicating the polycrystalline nature of the 

nanoparticles correlating well with the HRTEM images. PdAu nanoalloys (Figure 26D) 

showed well distributed nanoparticles on the substrate. The most interesting thing is the fact 

that round beaded patchy shaped surfaces of the PdAuAg nanoalloy (Figure 26E) were 

observed which corroborated the HRTEM images (nanoclusters). 

Figure 26A: (i) 2D and (ii) 3D AFM images of silicon substrates. 
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100.0 nm 
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Figure 26B: (i) 2D and (ii) 3D AFM images of Pd nanoparticles. 

Figure 26C: (i) 2D and (ii) 3D AFM images of PdAg nanoalloys. 
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Figure 26D: (i) 2D and (ii) 3D AFM images of PdAu nanoalloys. 

Figure 26E: (i) 2D and (ii) 3D AFM images of PdAuAg nanoalloys. 
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4.3 Electrochemistry of Pd Ch, AgNO3 and HAuCl4.3H2O 

To fully understand the electrochemistry of the chemically synthesised nanoparticles, the 

metal precursors were electrochemically interrogated in a 0.1 M LiC1O4 solution. 

4.3.1. Redox behaviour of palladium chloride (Pd Ch) in solution 

The redox reactions of palladium on Pt electrode were investigated by CV in 5 mM PdCh in 

0.1 M LiC1O4 Ar-saturated solution. The CV s were recorded over a potential range of -500 

m V and 1000 m V at a scan rate of 100 m V s- 1. Three oxidation peaks were observed; peak a, 

Ep,a = -300 m V followed at more positive potentials by peaks b, Ep,a = -158 m V and c, Ep,a = 

717 m V. On the cathodic scan, two reduction peaks were also observed c ', Ep,c = 284 m V, 

and b', Ep,c = -253 m V (Figure 27). However, to ascertain whether there was a cathodic peak

that was related to peak a, a wider potential range of -700 m V to 1000 m V was used and a 

third cathodic peak, a', Ep,c = -467 m V (Figure 28) was observed. These CV measurements

using Pt electrode immersed in a solution of PdCh clearly showed that various palladium 

redox processes can occur at the surface of the bare Pt electrode. These observed peaks can 

be related to the different possible palladium oxidation states such as Pd(0), Pd(II), and 

Pd(IV) that may undergo several redox reactions such as Pd(0) oxidation to Pd(II) and Pd(IV) 

[178]. Redox peaks a/a' and b/b' are due to the oxidation and reduction of adsorbed and 

absorbed hydrogen respectively. At positive potentials, Pd0 nanoparticles deposited on the Pt 

surface during the cathodic scanning are oxidised to Pd2+ (Pd0 
- Pd2+ + 2e-) (peak c) and 

form a palladium oxide layer. The Pd oxide is reduced on the negative-going scans to Pd 

metal (Pd2+ + 2e- - Pd0
) (peak c'). It is noteworthy that Pd oxide layer reduction may occur 

in a reversible or irreversible manner depending on the upper switching potential. Based on 

the results obtained, the reduction of the palladium oxide layer behaved in an irreversible 
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manner ( /p,a/lp,c -1- 1 and tJ.Ep > 59 mV) which can be explained by the formation of both PdO 

and Pb02 [ 178]. 
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Figure 27: Cyclic voltammograms of bare Pt electrode in 0.1 M LiCIO4 (black curve) 

and 5 mM PdCh in 0.1 M LiCIO4 (red curve), (-500 to 1000 mV s-1): Scan rate, 100 mV 
- I  s .
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Figure 28: Cyclic voltammograms of bare Pt electrode in 0.1 M LiCIO4 (black curve) 

and 5 mM PdCh in 0.1 M LiCIO4 (red curve), (-700 to 1000 mV s-1): Scan rate, 100 mV 
- I  s .
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4.3.2 Redox behaviour of silver nitrate (AgNO3) in solution 

A pair of redox peaks was observed with an anodic peak potential (Ep,a) at 211 m V (peak a) 

and cathodic peak potential (Ep,c) at 11 mV (peak a') for Ag+/Ag0 process by using 5 mM 

AgNO3 in 0.1 M LiC1O4 at a scan rate of 100 mV s- 1 [179] (Figure 29). 
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Figure 29: Cyclic voltammograms of bare Pt electrode in 0.1 M LiC1O4 (black curve) 

and 5 mM AgNO3 in 0.1 M LiC1O4 (red curve): Scan rate, 100 mV s-1.
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4.3.3 Behaviour of hydrogen tetrachloroaurate (III) trihydrate (HAuC14.3H2O) in 

solution 

One reduction peak at 704 m V was observed, which corresponds to the reduction of solution 

bound Au(III) to Au(0) [180]. A reduction shoulder peak appears at 930 m V which can be 

attributed to the reduction of adsorbed AuC14-. No anodic peak for Au(0) was observed on the 

reverse scan indicating the irreversibility of the reduction of Au(III) (Figure 30) [180]. 

- B i a
- HA

20 

10 

0 

-10 

-20 - - - , , - - - . - - - - r - - - - , . - - - . - - - - - , - - . - - - " ' T " " " - - - r - - - r - - - - r -  - . . - - - r - - - . - ......... 

-400 -200 0 200 400 600 
E / mV (vs. Ag/AgCI) 

800 1000 

Figure 30: Cyclic voltammograms of bare Pt electrode in 0.1 M LiC1O4 (red curve) and 

5 mM HAuC14.3H2O in 0.1 M LiC1O4 (black curve): Scan rate, 100 m V s-1. 
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4.3.4 Behaviour of a mixture of Pd Ch, AgN03 and HAuCl4.3H20 solutions 

Figure 31 shows the CV of a mixture of Pd Ch, AgNO3 and HAuC14.3H2O solutions in 0.1 M 

LiC1O4 as a supporting electrolyte at different scan rates. Three oxidation peaks were 

observed; peak a, Ep,a = -244 mV (for the oxidation of adsorbed hydrogen atoms), peak b, Ep,a

= 222 m V ( oxidation of Ag to Ag+) and peak c, Ep,a = 857 m V ( oxidation of Pd to Pd2+). On 

the cathodic scan, four cathodic peaks were observed; peak d, Ep,c = 847 mV (reduction of

Au(III) to Au(0)), peak c', Ep,c = 456 mV (reduction of Pd2+ to Pd), peak b', Ep,c = 60 mV 

(reduction of Ag+ to Ag0) and peak a', Ep,c = -371 mV (reduction of hydrogen atoms to

hydrogen adsorbed species). The obtained results correlated well with the CV measurements 

obtained from the individual metal solutions. All the peak currents increased with increase in 

scan rates. 
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Figure 31: Cyclic voltammograms of bare Pt electrode in a mixture of 5 mM solutions of 

PdCh, AgNO3 and HAuCl4.3H2O in 0.1 M LiCIO4 Ar-saturated solution at different 

scan rates. 
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4.4 Electrochemical characteristics of PdAu, PdAg and PdAuAg nanoalloys 

4.4.1 Electrochemistry of the nanoalloys in 0.1 M LiCIO4

The characterisation of the surface of nanoparticles is a very important issue m the 

applications of nanoparticles as catalysts and sensors. For instance, catalytic effects are 

influenced strongly by the structure and composition of the surface of nanoparticles. PdAu, 

PdAg and PdAuAg nanoalloys were characterised by cyclic voltammetry which is a useful 

technique for interrogating the electrochemical behaviour of nanomaterials. Figure 32 shows 

a series of cyclic voltammograms of the bare Pt electrode and those of the Pt electrode 

modified with the synthesised nanoparticles. The measurements were carried out in 0.1 M 

LiC1O4 at a scan rate of 100 mV s-1 in a potential range of -500 mV to 1000 mV. The bare Pt 

electrode showed typical potential ranges for the hydrogen adsorption/desorption (-500 m V 

to 100 mV), double layer potential range (100 mV to 550 mV vs. Ag/AgCl and the 

formation/reduction of the surface Pt oxide, Pt-OHads (550 to 1000 mV)(Ag/AgCl) as 

described by Zhong et al. [181]. For the Pd modified Pt electrode (denoted as PtlPdNPs), the 

appearance of an anodic peak (Figure 32A, peak a, Ep,a = -200 m V) and a cathodic peak

(Figure 32A, peak a', Ep,c = -110 mV) is attributed to the desorption and adsorption of

hydrogen atoms onto the Pd0 nanoparticles, respectively as shown in scheme 4 [182]. The 

Pd0 nanoparticles on the Pt electrode surface were oxidised to Pd2+ and formed a palladium 

oxide layer (Figure 32A, peak b, Ep,a = 650 m V). On the cathodic CV scan, a reduction peak

(Figure 32A, peak b', Ep,c = 310 m V) occurred corresponding to the reduction of the Pd

oxide layer. Lee et al. [183] observed similar peaks on Pd nanoparticles modified ITO 

electrodes. 
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Scheme 4: Schematic representation of the surface of Pt electrode with Pd 

nanoparticles: the proton reduction takes place on the surface of the Pd nanoparticles. 

PdAu nanoalloys modified Pt electrode (denoted as PtJPdAuNPs)(Figure 32B) showed 

current peaks of hydrogen desorption/adsorption at low potentials (peak a, Ep,a = -245 m V 

and peak a', Ep,c = -290 mV) and surface oxidation/reduction at high potentials (peak b, Ep,a = 

+454 mV and peak b', Ep,c = 363 mV) which revealed a typical CV characteristics of a

'palladium-like' modified electrode. However, the reduction peak of surface oxide showed an 

anodic shift on the PdAu nanoalloys compared to that of Pd nanoparticles (310 m V to 363 

m V) indicating an easier removal of adsorbed oxygen species from PdAu nanoalloys 

compared to that from Pd monometallic nanoparticles [184]. The CV of PdAg nanoalloys 

modified electrode ( denoted as PtJPdAgNPs) (Figure 32C) showed hydrogen 

desorption/adsorption at low potentials (peak a, Ep,a = -180 mV and peak a', Ep,c = -215 mV, 

respectively) and surface oxidation/reduction at high potentials (peak c, Ep,a = 788 m V and 

peak c', Ep,c = 291 mV). A redox peak was observed, bib' (peak b, Ep,a = 250 mV and peak b', 

Ep,c = 35 mV) and was attributed to the Ag/Ag+ redox system (refer to Figure 29). For the 

PdAuAg nanoalloys modified electrode (PtJPdAuAgNPs) (Figure 32D), hydrogen 

desorption/adsorption peaks (peak a, Ep,a = -220 mV and peak a', Ep,c = -270 mV) and surface 

oxidation/reduction peaks (peak c, Ep,a = 810 mV and peak c', Ep,c = 350 mV) were observed. 

A redox peak was observed (peak b, Ep,a = 240 mV and peak b', Ep,c = 55 mV) which can be 

attributed to the Ag/ Ag+ redox system. It is noteworthy that the reduction peak of surface 
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oxide showed an anodic shift and the hydrogen desorption/adsorption peak currents for the 

PtlPdAuAgNPs decreased compared to that observed for PtlPdAgNPs which can be attributed 

to the total incorporation of the Au in the nanoalloys system. Considering the reduction 

potentials of Au3+ (AuC14-/Au, +1.002 V vs. SHE), Pd2+ (Pd2+/Pd, +0.591 V vs. SHE) and 

Ag+ (Ag+/ Ag, +0.80 V vs. SHE ), it can be assumed that the formation of the nanoalloys was 

initiated by nucleation of Au atoms followed by co-deposition/incorporation of residual Au, 

Ag and Pd atoms on the surface of the seeds which have higher Au content [183]. These 

results correlated well with the electrochemical behaviour of the metal precursor solutions 

studied in Figures 27-30. 
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Figure 32: Cyclic voltammograms of (A) PtlPdNPs, (B) PtlPdAuNPs, (C) PtlPdAgNPs 

and (D) PtlPdAuAgNPs electrodes in 0.1 M LiCIO4: Scan rate, 100 m V s- 1
• 

113 

http://etd.uwc.ac.za/



4.4.1.1 Effect of potential scan rates. 

The results of cyclic voltammetry of the Pd, PdAu, PdAg and PdAuAg nanoparticles on Pt 

electrode in the potential window -500 to 1000 m V at different scan rates are shown in 

Figure 33. The peak currents increased with increase in scan rate. 
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Figure 33: Cyclic voltammograms of (A) PtlPdNPs, (B) PtlPdAuNPs, (C) PtlPdAgNPs 

and (D) PtlPdAuAgNPs in 0.1 M LiCIO4 at different scan rates. 

For further interrogation of the electrochemical behaviour of the nanoparticles, PdAuAg 

nanoalloys were used with specific focus on peak bib'. It can be seen from Figure 34 that the 

peak currents (ip) for PdAuAg nanoalloy film on Pt electrode increased linearly with scan 
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rates ( v) up to 400 m V s • 1. The results showed that the PdAuAg nanoalloys film was stable 

and electrochemically active in 0.1 M LiC1O4 solution. Figure 34 shows a plot of anodic and 

cathodic peak currents vs. scan rate for redox peaks b/b' that showed a close linear 

dependence with the scan rates, a characteristic feature of surface confined species. 

Additionally, the voltammetric data was subjected to analysis by plotting log (ip) versus log 

scan rate (v). The value of the slope of the linear plot of log ip versus log v can be used to 

elucidate the nature of the processes influencing the electrochemistry of the surface confined 

species. Slopes with values of 1.0 and 0.5 refer to adsorption-controlled and diffusion-

controlled electrochemical processes, respectively. Intermediate values for the slope indicate 

mixed diffusion/adsorption-controlled electrochemical processes [ 185]. In this work, the plots 

of log ip versus log v (not shown) gave slopes of 0.7 for both the anodic and cathodic peaks 

which showed the occurrence of mixed diffusion/adsorption-controlled electrochemistry of 

the PdAuAg nanoalloys system and that the PdAuAg nanoalloys film was a non-monolayer 

film. 
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Figure 34: Relationship between the peak currents and scan rates for PtlPdAuAgNPs 
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4.4.2 Electrochemistry of the nanoalloys in 1 M KOH 

The electrochemical behaviour of PdAg, PdAu and PdAuAg nanoalloys immobilised on 

platinum electrodes were investigated in basic medium using cyclic voltammetry. Figure 35 

shows the cyclic voltammograms of the bare Pt electrode and PtlPdNPs, PtlPdAuNPs, 

PtlPdAgNPs, PtlPdAuAgNPs electrodes in 1 M KOH. These were measured at a scan rate of 

100 mV s- 1 in a potential range of -1000 mV to 600 mV. For the Pd nanoparticles modified Pt 

electrode, the Pd0 nanoparticles on the Pt electrode surface were oxidised to Pd2+ and formed 

a palladium oxide layer (Figure 35A, peak c, Ep ,a = -27 m V). On the reverse CV scan

(cathodic scanning), a reduction peak (Figure 35A, peak c', Ep ,c = -372 mV) occurred

corresponding to the reduction of the Pd oxide layer. The anodic peaks a and b (Figure 35A, 

peak a, Ep ,a = -744 mV, peak b, Ep ,a = -640) and cathodic peaks a' and b' (Figure 35A, peak

a', Ep ,c = -826 mV, peak b', Ep ,c = -761 mV) are attributed to the desorption and adsorption of

weakly and strongly adsorbed hydrogen atoms onto the Pd0 nanoparticles [182]. PdAu 

nanoalloys modified Pt electrode (PtlPdAuNPs )(Figure 35B) showed current peaks of 

hydrogen desorption/adsorption at low potentials (peak a, Ep ,a = -730 m V and peak a', Ep ,c = -

803 m V) and surface oxidation/reduction at high potentials (peak b, Ep ,a = -45 m V and peak

b', Ep ,c = -3 64 m V). The CV of PdAg nanoalloys modified electrode (PtlPdAgNPs) (Figure

35C) showed a redox peak a/a' (peak a, Ep ,a = 128 mV and peak a', Ep ,c = -120 mV) which

was attributed to the Ag/Ag+ redox system (refer to Figure 29). Surface oxidation/reduction 

occurred at high potentials (peak b, Ep ,a = 231 m V and peak c, Ep ,c = -14 m V). For the

PdAuAg nanoalloys modified electrode (PtlPdAuAgNPs) (Figure 35D), a redox peak was 

observed (peak a, Ep ,a = 120 mV and peak a', Ep ,c = -87 mV) which can be attributed to the

Ag/Ag+ redox system. Surface oxidation/reduction peaks (peak b, Ep ,a = 247 mV and peak c, 

Ep ,c = -440 m V) were observed. A shoulder was observed at -145 m V which may have
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resulted from some contaminants in the nanoparticles. These results correlated well with the 

electrochemical behaviour of the metal precursor solutions observed in Figures 27-30. 
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Figure 35: Cyclic voltammograms of (A) PtlPdNPs, (B) PtlPdAuNPs, (C) PtlPdAgNPs 

and (D) PtlPdAuAgNPs electrodes in 1 M KOH: Scan rate, 100 mV s· 1
• 
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4.4.3 Electrochemistry of PdAuAg nanoalloys in solution 

It is quite interesting to interrogate the behaviour of the nanoalloys in solution rather than 

being adsorbed on the surface of the electrode. The cyclic voltammetry of PdAuAg 

nanoalloys solution was studied in a potential range of -500 m V to 1000 m V. The results are 

shown in Figure 36. A redox peak a/a' whose potential shifted slightly with increase in scan 

rate was attributed to the oxidation and reduction of the PdAuAg nanoalloys while peak b 

originated from the electrode system. A plot of log peak current versus log scan rate for the 

redox peaks (results not shown) showed a linear relationship with a slope of 0.9 (r2 = 0.99) 

for the anodic, and 0. 7 (r2 = 0.99) for the cathodic peak indicating adsorption-diffusion 

controlled reaction (peak). In order to estimate the number of electrons transferred, equation 

39 (Laviron's equation) and equation 40 [186-187] were re-expressed to give equation 41; 

I =n
2F2Ar v

P 4RT 

Q=nFAr 

1 =nFQv 
P 4RT 

It 
(39) 

(40) 

(41) 

Where r is the surface concentration of the electrode materials (mol cm-2) , A is the electrode

area ( cm2) and Q is the quantity of charge (C) calculated from the reduction and oxidation 

peak areas of the voltammograms; and n, Ip, F, R and T have their usual meanings. From the 

slopes of  ip versus v plots (Figure 37), n was calculated to be 0.51 and 0.531 for the anodic 

and cathodic processes respectively, indicating that PdAuAg nanoalloys in solution undergo a 

one-electron redox reaction at the Pt electrode in a 0.1 M LiC1O4 solution. The average value 

for the ratio of cyclic voltammetric anodic to cathodic peak currents of PdAuAg nanoalloys 

in 0.1 M LiC1O4 was 1.0587, which indicates a one-electron quasi-reversible electrochemistry 
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0' £ p a  + £ p c
[188]. The formal potential, { E = 

2 
}, was unaffected by the scan rate (SD = 

0.7039 for 8 scan rates). This is an indication that the electron transfer coefficients, Ua and Uc

for anodic and cathodic processes respectively, are similar (ua   and U c   0.5). Since n"'1.Ep < 

200 m V, the direct electron transfer rate constant ( k) of the PdAuAg nanoalloys can be 

obtained by equation 42 [187]. 

RT nFM 
l o g k = a l o g ( l - a ) + ( l - a ) l o g a - l o g - - - a ( l - a ) P 

nFv 2.3RT 
(42) 

Where u is the charge-transfer coefficient, "'1.Ep is the peak potential separation, v is the scan 

rate, n is the number of electron transferred, and F is the Faradays constant. Taking the 

charge-transfer coefficient u of 0.5 (0.3 < u < 0.7 in general) at a scan rate of 350 mV s- 1, the 

k of the PdAuAg nanoalloys was estimated to be 1.5 cm s- 1. The large k value(> 0.02 cm s- 1) 

indicated a reversible electron transfer system. 

20 

16 

12 

8 
- 1 0 mvs- 1 

- 2 o m v s - 1 

4 - s o m v s - 1 

- 1 o o m v s · 1 
0 

- 1 s o m v s · 1 

- 2 o o m v s · 1 

-8 250 mV s·1 

-12
- 3 0 0 m v s · 1

a' - 3 5 0 m v s · 1

-400 0 400 800 1200 1600 

E / mV (vs. Ag/AgCI) 

Figure 36: Cyclic voltammograms of PdAuAg nanoalloys in solution (the colloidal 

nanoalloys were added in 2 mL of 0.1 M LiC1O4 solution). 
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4.5 The catalytic performance of PdAg, PdAu and PdAuAg nanoalloys 

4.5.1 Catalytic oxidation of ammonia 

4.5.1.1 Choice of potential window 

Figure 38 shows the typical cyclic voltammograms of a platinum electrode in 1 M KOH 

aqueous solutions in the presence and absence of ammonia (Figure 38, curves a and b, 

respectively). The anodic current peak at -292 mV (Ag/AgCl) can be assigned to the 

oxidation of ammonia to N2 [189]. Other oxidation products such as nitrite and nitrogen 

oxide form at above -200 mV according to Endo et al. and Wasmus et al. [59, 167]. The peak 

as a result of the oxidation of these products was not observed when the upper potential limit 

was lowered to 100 mV as shown in Figure 39. During the cathodic scan down to -336 mV, 

no reduction peak of a possible surface oxide (like as seen on PtOx on curve b at -336 m V) 
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can be observed and two reduction peaks appear at -500 mV and -839 mV. These cathodic 

peaks are dependent on the upper sweep limit of the preceding anodic scan as shown in 

Figure 39. The cathodic peak at -500 mV was observed when the preceding anodic scan was 

reversed at higher than -200 mV, suggesting that the cathodic current was related either to the 

reduction or desorption of oxidized species of ammonia such as NHads and NH2ads (Figure 

39). On the other hand, the cathodic peak at -839 m V corresponding to the reduction of other 

oxidized species such as nitrite anions [167] appears clearly when upper sweep limit was set 

above -200 m V. The optimum potential window for the oxidation of ammonia was chosen to 

be -1000 m V to -100 m V based on the well resolved ammonia oxidation peak at -292 (Figure 

40). 
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Figure 38: Cyclic voltammograms of bare Pt electrode (a) with and (b) without 0.1 M 

ammonia in 1 M KOH: Scan rate, 50 m V s - I .
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Figure 39: Cyclic voltammograms of bare Pt electrode in 0.1 M ammonia and 1 M KOH 

aqueous solution with various upper sweep limits; (600, 400, 100, 0, -200, -400, -600 

mV): Scan rate, 50 mV s- 1
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Figure 40: Cyclic voltammograms of bare Pt electrode (a) with and (b) without 0.1 M 

ammonia in 0.1 M KOH (vs. Ag/AgCI) (-1000 mV to 100 mV). 
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4.5.1.2 Choice of supporting electrolyte 

0.1 M LiC1O4 and 1 M KOH solutions were interrogated to ascertain the best electrolyte for 

the oxidation of ammonia (see Figures 41 and 42). In absence of ammonia, there was no 

ammonia oxidation peak observed when the voltammograms was carried out in 0.1 M 

LiC1O4. The voltammogram obtained in 0.1 M ammonia without any supporting electrolyte 

showed an oxidation peak at -41 mV. However, in presence of 0.1 M ammonia and 0.1 M 

LiCIO4, a slight reduction of overpotential (from -40 mV to 90 mV) was observed (Figure 

41). This can be attributed to increased ion transfer introduced by the supporting electrolyte. 

Figure 42 shows the oxidation of ammonia in the absence and presence of 1 M KOH. In 

absence of 1 M KOH, ammonia oxidation peak was observed at -41 m V while in the 

presence of 1 M KOH, reduced overpotential and an increased peak current was observed. 

This can be attributed to the critical role of KOH in ammonia electro-oxidation which is to 

generate an alkaline environment for ammonia oxidation. Alkaline environment favours 

ammonia oxidation based on the Nemst equation for the reaction (equation 43) under the 

constant ammonia concentration: 

(43) 

Thus, 1 M KOH was chosen as the suitable supporting electrolyte for ammonia oxidation 

because it favours the oxidation of ammonia. 
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Figure 41: Cyclic voltammograms measured on bare Pt electrode with and without 0.1 

M LiClO4. 
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Figure 42: Cyclic voltammograms measured on bare Pt electrode with and without 1 M 

KOH. 
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Figures 43 shows the cyclic voltammograms of Pd, PdAg, PdAu and PdAuAg nanoparticles 

modified Pt electrodes in 1 M KOH aqueous solution with and without 0.1 M ammonia. It is 

without doubt that ammonia oxidation (between -400 m V and -250 m V) proceeds on all of 

these electrodes; however both the potential and the peak currents of the oxidation peaks are 

dependent on the electrode material. When the Pt electrode was coated with Pd nanoparticles, 

there was a current increase and lower overpotential compared to the bare electrode while 

PdAg and PdAu nanoalloys modified Pt electrode showed a decreased peak current and 

higher overpotential. Since the ammonia concentration was kept constant in all the 

experiments, the decreased peak currents on PdAg and PdAu nanoalloys modified Pt 

electrodes may suggest that the active sites are less dense than on bare Pt electrode. Vooys et 

al. [168] highlighted that Cu, Ag and Au are inactive towards ammonia oxidation. Although 

the PdAg and PdAu nanoalloys were expected to have a higher catalytic effect than the 

monometallic Pd nanoparticles, the inactiveness of Ag and Au in the nanoalloys may have 

lowered the catalytic ammonia oxidation activity of the nanoalloys systems. Pd nanoparticles 

increased the surface area of the Pt electrode thus increasing the peak current and lowering 

the overpotential compared to that of the bare Pt electrode. The surface orientation of the 

electrodes used in ammonia oxidation determines their catalytic properties. A recent report 

[190] revealed that the catalytic activity of ammonia on Pt single crystals is highest on (100)

plane. Since the orientation on the surface of the electrode used in this study was the same, 

the density of the active site could be assumed to be dependent on the constituents of the 

electrode material. Though the surface active sites of the Pt electrode are expected to become 

less available when coated with nanoparticles, PdAuAg nanoalloys were found to give 

slightly higher peak currents and lower overpotential than bare Pt (see table 4), which can be 

explained by cooperative effects between Pd and the noble metals, Au and Ag. This showed 

that PdAuAg nanoalloys were suitable electrocatalysts for the oxidation of ammonia based on 
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their reduced overpotential and increased current properties. An overlay of the different 

modified electrode is shown in Figure 44. 
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Figure 43: Cyclic voltammograms of PtjPdAgNPs (A), PtjPdAuNPs (B), PtjPdNPs (C) 

and PtjPdAuAgNPs (D) electrodes in 0.1 M ammonia and 1 M KOH aqueous solution: 

Scan rate, 50 m V s -t. 

126 

http://etd.uwc.ac.za/



20 

10 

0 

-10

-20

-30

-1000

- P t l P d A g N P s
- P t l P d A u N P s
- Bare Pt electrode
- P t l P d N P s
- - ·P t lPdAuAgNPs

-800 -600 -400 -200
E / mV (vs. Ag/AgCI) 

0 200 

Figure 44: Overlay CVs of Pt, PtlPdNPs, PtlPdAgNPs, PtlPdAuNPs and PtlPdAuAgNPs 

electrodes in 0.1 M ammonia and 1 M KOH aqueous solution: Scan rate, 50 m V s -I.

Table 2: CV parameters of Pd nanoalloy systems in 0.1 M ammonia and 1 M KOH 

(experimental conditions as in Figure 44) 

Electrode Ep,a (mV) lp,a (A) 

Pt electrode -300 1.371 X 10-

PtlPdNPs -311 1.521 X 10-

PtlPdAuNPs -255 1.145x10-

PtlPdAgNPs -282 4.380 X 10-

PtlPdAuAgNPs -304 1.992 X 10-
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4.5.2 Effects of ammonia concentration 

To investigate the effect of ammonia concentration, PdAuAg nanoalloy systems which 

showed the highest ammonia oxidation current density and lower overpotential was used. 

Figure 45 shows cyclic voltammograms measured on PtlPdAuAgNPs in 1 M KOH solution 

with various ammonia concentrations. It can be seen that two anodic current peaks were 

observed at approximately -940 mV and -292 mV (Ag/AgCl) in all the curves, respectively. 

With an increase in ammonia concentration, the peak current at -292 m V increased 

continuously. This can be attributed to the adsorption of more ammonia on the electrode 

surface resulting in increased oxidation of the ammonia. Thus, the anodic current increases 

continuously with the ammonia concentration. In particular, there was a significant increase 

in peak current when the ammonia concentration increased from 0.05 M to 1 M. With respect 

to the influence of the ammonia concentration on peak current at -940 m V, there was an 

insignificant change in peak current. When the ammonia concentration reached a certain 

level, i.e. 1 M in this work, the adsorption of ammonia on PtlPdAuAgNPs electrode achieved 

a relatively saturation status. The intermediates generated during ammonia oxidation, such as 

NH2,ads and NHads, could remain on the electrode surface and block the ammonia adsorption. 

It is reasonable to assume that the blocking effect was significant when the solution contains 

a high concentration of ammonia. Therefore, an increase of the ammonia concentration 

beyond 1 M resulted in slight decrease in anodic peak current due to ammonia saturation on 

the electrode surface. The present results showed that ammonia can be oxidised effectively on 

PtlPdAuAgNPs electrode from -1000 mV to 100 mV at a concentration range of0.05 - 1 M. 
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Figure 45: Cyclic voltammograms of PtlPdAuAgNPs in 1 M KOH solutions with various 

concentrations of ammonia (0.05-2 M ammonia): Scan rate, 50 m V s - I .

4.5.3 Effects of KOH concentration 

Figure 46 shows cyclic voltammograms measured on PtlPdAuAgNPs electrode in 0.1 

M ammonia with various KOH concentrations. The critical role of KOH in ammonia 

electro-oxidation is to generate an alkaline environment for ammonia oxidation. The 

current work shows that, with increasing KOH concentration (increasing pH value), the 

increasing alkalinity decreased the ammonia oxidation overpotential, shifting the 

ammonia electro-oxidation potential negatively. Such an essential role of the alkalinity 

can be explained by Nernst equation for the reaction (see equation 43 above) under the 

constant ammonia concentration. It is apparent that ammonia oxidation potential 

decreases with the increasing hydroxide ion concentration, i.e. the alkalinity of  the 

solution. However, Zhou et al. [14] reported that increasing the solution alkalinity 
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reduces the amount of hydrogen ions and hence hydrogen evolution, causmg the 

decrease in cathodic current density. Thus, an optimal KOH concentration is essential to 

the ammonia oxidation for hydrogen generation. In this study, 1 M KOH was used as 

the optimum concentration of the supporting electrolyte. 
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Figure 46: Cyclic voltammograms of PtlPdAuAgNPs in 0.1 M ammonia solutions with 

various KOH concentrations: Scan rate, 50 m V s - t .

4.5.4 Effects of scan rate 

In order to study the nature of the oxidation of ammonia, we performed the CV s at different 

scan rates (Figure 47) measured on PtlPdAuAgNPs electrode in 0.1 M ammonia and 1 M 

KOH solution. The anodic peak currents at about -292 m V increased significantly with the 

increasing potential scan rate. The peak currents followed a linear v 112 (v: potential scan rate) 

dependence as shown in Figure 48, indicating a diffusion controlled rather than a surface 

controlled electron transfer kinetics. Additionally, the peak potential shifted positively with 

increasing scan rates demonstrating that the oxidation of ammonia was an irreversible process 

[191]. 
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Figure 47: Cyclic voltammogram of PtlPdAuAgNPs electrode in the presence of 0.1 M 

ammonia and 1 M KOH aqueous solution at different scan rates. 
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Figure 48: Randles-Sevcik plot of PtlPdAuAgNPs electrode in the presence of 0.1 M 

ammonia and 1 M KOH aqueous solution. 
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For an irreversible diffusion-controlled process, the peak potential (Ep) is proportional to the 

logarithm of potential sweep rate ( v) within the following equation: [ 192-193] 

b 
E P  =-logv+constant 

2 
(44) 

On the basis of this equation, the linear plot of Ep versus log v is b/2, where b indicates the 

Tafel slope whose value was calculated to be about 31 m V per decade (Figure 49). This 

value is reasonably close to the theoretical value of 40 m V per decade, typical for an 

electrochemical reaction involving at least two electron-transfer steps, the second electron 

transfer being the rate determining step [ 41]. Transfer of more than two electrons allows us to 

exclude the NH2 adsorbate as the product of the process featured by the peak at -292 mV. 
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Figure 49: Relationship between the oxidation peak potential (Ep) and log of scan rate. 
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4.6 Sub conclusion 

A simple and room-temperature method for the synthesis of PdAg, PdAu and PdAuAg 

nanoalloys has been demonstrated. The well-dispersed non-agglomerated PdAuAg 

nanoalloys exhibited a reduced overpotential and a 33%, 400%, 82% and 54% increase in 

current density for ammonia electro-oxidation compared to Pd, PdAg, PdAu nanoparticles 

and bare Pt electrode, respectively. The much improved current density of the well-dispersed 

PdAuAg nanoalloys is attributed to the increased electrochemically active surface area of the 

nanoalloys. Ammonia electro-oxidation on PdAuAg film modified Pt electrode is controlled 

by mass-transfer process of ammonia towards the electrode surface. The concentration of 

KOH was found to significantly affect the performance of the electrocatalysts and the optimal 

concentration was found to be 1 M. Fabrication of Pd nanoparticles and PdAuAg nanoalloys 

film provides a promising route for the development of low-cost, high performance 

electrocatalysts for electro-oxidation of ammonia. 
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CHAPTER FIVE 

RESULTS AND DISCUSSION: Part 2 

REACTIVITIES OF NOVEL ULTRASENSITIVE SYMMETRICAL Pt(lO0) 

NANOALLOY SYSTEMS IN AMMONIA OXIDATION 

The knowledge o f  electrochemical properties o f  nanoparticles has been the purpose o f  

numerous studies in surface electrochemistry and electrocatalysts. However, little attention 

has been paid to the relationship between the surface structure o f  nanoparticles and their 

electrocatalytic activities. The oxidation o f  ammonia has been reported to be a structure 

sensitive reaction that takes place almost exclusively on Pt(] 00) sites. It is worth 

investigating the effect o f  oriented Pt(] 00) nanoparticles and Pt(] 00) based nanoalloys in the 

oxidation o f  ammonia. In this section, the characterisation o f  oriented Pt(] 00) nanoparticles, 

Pt(] O0)Pd, Pt(] O0)Au and Pt(] 00)PdAu nanoalloys and their electrocatalytic effects in 

ammonia oxidation is discussed. 
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5.1 Introduction 

The knowledge of the electrochemical properties of nanoparticles and their subsequent 

application has been the purpose of numerous studies m surface electrochemistry and 

electrocatalysis. These studies have been carried out both from a practical point of view, 

preparation and design of new materials for fuel cells as well as for the understanding of 

fundamental aspects of surface electrochemical reactivity [29]. It is worthy investigating the 

relationship between the surface structure of the nanoparticles and their electrocatalytic 

activity which has been extensively studied and is very well-known with model electrodes 

(single crystals) and which is expected to play a role in the case of nanoparticles [194]. 

Ammonia oxidation is a structure sensitive or site demanding reaction and controlling the 

crystallographic surface orientation of Pt nanoparticles could result in much improved 

catalysts [28]. It has been found that the oxidation of ammonia on platinum surfaces is a very 

structure sensitive reaction occurring predominantly on Pt(l00) sites [29, 195]. Therefore, in 

order to develop good electrocatalysts for the ammonia oxidation, a major goal would be the 

preparation of nanoparticles with the largest density of Pt(l 00) sites. Vidal-Iglesias et al. 

[196] studied the oxidation of ammonia using Pt-based nanoparticles (Pt-Ir, Pt-Rh, Pt-Pd, Pt-

Ru) and preferentially oriented Pt(lO0) nanoparticles. The authors showed that Pt(l00) had 

higher current density than polycrystalline Pt nanoparticles and Pt-based nanoparticles 

towards ammonia oxidation denoting that ammonia electro-oxidation is highly surface 

sensitive and takes place almost exclusively at Pt(lO0) domains. Bimetallic and multi-

metallic nanoparticles show higher catalytic properties than monometallic nanoparticles. In 

this chapter, we demonstrate the catalytic effects that exist on Pt(l00) nanoparticles upon the 

inclusion of adatoms such as Au, Pd and PdAu to form nanoalloys for the ammonia oxidation 

reaction. 

135 

http://etd.uwc.ac.za/



5.2 Spectroscopic and morphological characterisation of preferentially oriented Pt(lO0) 

nanoparticles, Pt(l00)Pd, Pt(l00)Au and Pt(l00)PdAu nanoalloy systems. 

5.2.1 UV-visible spectroscopy 

The formation of the nanoparticles by reduction of PtCl/-, HAuC14- and Pd2+ ions was 

confirmed by the use of UV-visible spectroscopy. Figure 50 shows the UV-visible spectra of 

the starting materials (PdCh, HAuCk3H2O and K2PtCk H2O salts) while Figure 51 shows 

the UV-visible spectra of Pt(l 00), Pt(l 00)Pd, Pt(lO0)Au, Pt(l 00)PdAu nanoparticles. The 

absorption peaks observed at 262 nm for Pt4+
, 285 nm for Au3+ and 420 nm for Pd2+ ions 

[170] disappeared after 16 h of reduction indicating that the metal ions were completely

reduced [ 197]. The synthesised oriented nanoparticles showed no absorption peaks indicating 

a complete reduction of the metal salts. The colour of the solution turned from pale yellow to 

black. 

2.0 - - PdCl2 salt 
- HAuCl4.3H20 salt 
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Figure 50: UV-visible spectra of K2PtC16, HAuC14.3H20 and PdCli salts. 

136 

http://etd.uwc.ac.za/



2.2 

2.0 - - Pt(1 00)NPs
- - Pt(1 00)AuNPs

1.8 - - Pt(1 00)PdNPs

1.6 - Pt(1 00)PdAuNPs

� 
1.4 

C 1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0 

-0.2
200 300 400 500 600 700 800 

Wavelength (nm) 

Figure 51: UV-visible spectra of Pt(lOO), Pt(lOO)Pd, Pt(lOO)Au and Pt(lOO)PdAu 

nano particles. 1, 

' ' - - 1 . _ ,..... 
1,: J IL - _ I i ; _ . ! : : : : .  

5.2.2 High resolution transmission electron microscopy (HRTEM)

A very good characterisation of the structure, shape and size of a single nanoparticle can be 

obtained by ex situ HRTEM. Oriented Pt(l00) nanoparticles are known to show cubic 

structures, Pt(l 11) nanoparticles portray tetrahedral and hexagonal shapes while poly-

oriented nanoparticles show quasi-spherical shapes [ 119]. Figure 52 shows the HRTEM 

images of polycrystalline platinum nanoparticles prepared through the reduction of the metal 

precursors using sodium borohydride. Quasi-spherical shaped nanoparticles with an average 

particle size of 5-10 nm were observed. The observed images can be considered as a 

representative of polyoriented, non-specifically structured polycrystalline nanomaterials. 
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Fig r.  52: HRTEM images of Pt nanoparticles. 

On the other hand, images of polyacrylate capped nanoparticles prepared through the H2 
•' 

reduction method are shown in Figure 53 A, B, C and D. Well distributed 5-20 nm 

nanoparticles throughout the samples were evident with no agglomeration observed and all 

the nanoparticles showed lattice fringes on their surface indicating that the particles were 

crystalline. For the Pt(l 00) nanoparticles, a high amount of cubic shaped nanoparticles which 

is a characteristic feature of (100) oriented nanoparticles was observed (Figure 53A). 

Pt(l 00)Pd nanoalloys (Figure 53B) showed particles with triangular and cubic shapes while 

Pt(l 00)Au nanoalloys (Figure 53C) and Pt(l 00)PdAu nanoalloys (Figure 53D) showed well 

dispersed particles with some cubic shaped particles. The existence of the preferentially cubic 
l . ,

shaped nanoparticles in the samples indicated that the nanoalloys had some (100) sites 

orientation/a significant amount of (100) sites at their surfaces [198]. It can be pointed out 

that image observation may be misleading and so alternative characterisation techniques are 

required [29]. 

138 

http://etd.uwc.ac.za/



Figure 53: HRTEM images of Pt(lOO) nanoparticles (A), Pt(lOO)Pd nanoalloys (B), 

Pt(lOO)Au nanoalloys (C) and Pt(lOO)PdAu nanoalloys (D). 

The iianoparticles of Pt( 100) and Pt( 100) based nanoalloys were formed in the presence of 

sodium polyacrylate (polymer) which acts as a capping material. The presence of the polymer 

in the colloid solution of nanoparticles is believed to have mainly two functions. First, it stops 

the growth of the particles at a small size distribution. Second, it prevents individual colloidal 

partitles from coalescing with each other, thus giving the colloids a higher degree of 

monodispersity [118]. This can be attributed to the electrostatic repulsion of negatively 

charged carboxyl groups present in the sodium polyacrylate as shown in Figures 54 (a) and 

(b). 
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Figure 54: Schematic illustration of (a) sodium polyacrylate and (b) sodium 

polyacrylate-capped nanoparticle/nanoalloy. 

5.2.3 Energy dispersive X-ray spectroscopy (EDX) analysis 

The EDX analysis (Figure 55 a-d) revealed the elemental composition of the synthesised 

nanoparticles. Pt, PtPd, PtAu and PtPdAu elements were present in Pt(l00), Pt(lO0)Pd, 

Pt(l 00)Au and Pt(lO0)PdAu samples respectively. Other elemental signals were also 

recorded namely; silicon, oxygen and copper. The presence of silicon may have originated 

from some contamination during sample preparation, the oxygen was due to the presence of 

polyacrylate in the nanoparticles while copper is as a result of the copper grid onto which the 

nanoparticles were immobilised for the HRTEM analysis. 
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Figure 55a: Energy dispersive X-ray spectrum of Pt(lOO) nanoparticles. 
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Figure 55b: Energy dispersive X-ray spectrum of Pt(lOO)Pd nanoalloys. 
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Figure 55c: Energy dispersive X-ray spectrum of Pt(lOO)Au nanoalloys. 
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Figure 55d: Energy dispersive X-ray spectrum of Pt(lOO)PdAu nanoalloys. 
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5.2.4 Atomic force microscopy (AFM) 

The AFM images of Pt( 100) nanoparticles, Pt( 1 00)Pd nanoalloys, Pt( 1 00)Au nanoalloys and 

Pt(l00)PdAu nanoalloys are shown in Figures 56 (a), (b), (c) and (d). While it is not easy to 

determine the exact size of the nanoparticles based on AFM, the average size of the 

nanoparticles appear to be on the order of a few nanometers. It is however observable that 

significant size differences occur in the different nanoparticles. This correlates well with the 

HR TEM results. 

Figure 56a: (i) 2D and (ii) 3D AFM images of Pt(lOO) nanoparticles. 

0.0 1: Height 3.0 µm 
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Figure 56b: (i) 2D and (ii) 3D AFM images of Pt(lOO)Pd nanoalloys. 
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Figure 56c: (i) 2D and (ii) 3D AFM images of Pt(lOO)Au nanoalloys. 

Figure 56d: (i) 2D and (ii) 3D AFM images of Pt(lOO)PdAu nanoalloys. 

144 

http://etd.uwc.ac.za/



5.3 Electrochemistry of the starting materials 

5.3.1 Electrochemistry of K2PtCI6 in solution 

Figure 57 shows the CV of 5 mM K2PtCl6 in 0.1 M LiClO4 Ar-saturated solution. The CVs 

were recorded over a potential range of -600 m V to 1000 m V at a scan rate of 100 m V s- 1
. 

Three redox peaks were observed; peak a, Ep,a = -334 m V followed at more positive

potentials by peaks b, Ep,a = -122 m V and c, Ep,a = 900 m V. On the cathodic scan, three

reduction peaks were also observed c', Ep,c = +380 mV, b', Ep,c = -315 mV and a', Ep,c = -480

m V. Peaks a and b were attributed to the oxidation of adsorbed and absorbed hydrogen atoms 

on the surface of platinum, respectively. 

Peak a: Had - H+ + e-

I 
(45) 

(46) 

At positive potentials, Pt0 nanoparticles deposited on the Pt surface during the cathodic 

scanning were oxidised to Pt4+ and formed a platinum oxide layer. 

Peak c: Pt0 - Pt4
+ + 4e- (47) 

On the cathodic scan, peaks a' and b' are due to the reduction of adsorbed and absorbed 

hydrogen atoms on the platinum surface. The Pt oxides are reduced on the negative-going 

scans to Pt metal (peak c'). 

Peak b': W + e- - Hab

Peak c': Pt4
+ + 4e- - Pt0
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The peak current increased with increase in scan rate as shown in Figure 58. The 

electrochemistry of  Pd Ch and HAuC14 salts were interrogated in section 4.2. 

40 a - - B l a n k
- - K2PtCl6 salt

20 C 

0 

-20 c' 

-40 

-60 

-80

-600 -400 -200 0 200 400 600 800 1000
E / mV (vs. Ag/AgCI) 

Figure 57: Cyclic voltammogram of Pt electrode in 5 mM K2PtC4 and 0.1 M LiC1O4

solution: Scan rate, 50 mV s-1•
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Figure 58: Cyclic voltammograms of Pt electrode in 5 mM K2PtCl6 and 0.1 M LiC1O4

solution at different scan rates. 
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5.4 Electrochemistry of Pt(lOO)Au, Pt(lOO)Pd and Pt(lOO)PdAu nanoalloys 

5.4.1 Cyclic voltammetric behaviour of the oriented nanoalloys 

5.4.1.1 Electrochemistry of the nanoalloys in 0.5 M H2S0 4 solution 

Although HR TEM technique is able to show the size and ex situ shape of nano particles, the 

analysis of a statistically significant number of nanoparticles seems unrealistic and only 

partial information can be obtained for a given sample of nanoparticles and the real global 

distribution of surface sites in the nanoparticles cannot coincide with the partial distribution 

found using HRTEM [119]. In order to characterise in situ the structure of the Pt 

nanoparticles and nanoalloys, a surface sensitive technique or process has to be used [119]. 

Electrochemistry provides some surface sensitive reactions that can be used as a tool to 

characterise the surface structure. In the case of platinum, it is known that the so-called 

hydrogen adsorption/desorption process is very sensitive to the Pt surface structure [120] and 

this fact is put in evidence as shown in the voltammetric profiles in Figure 59. These profiles 

correspond to the so-called hydrogen adsorption/desorption. The voltammetric profiles work 

as a fingerprint for any Pt surface. However in a general way, the direct estimation of 

different sites present at the surface is not feasible, since it would require too complex 

deconvolution of the voltammograms. Nevertheless with the help of Pt model surfaces, it is 

possible to qualitatively characterise each feature of (100) oriented Pt nanoparticles and Pt 

(100) based nanoalloys in 0.5 M sulphuric acid. Figure 59(a) shows a voltammogram

characteristic of quasi-spherical Pt nanoparticles prepared in presence of sodium borohydride. 

The voltammograms look similar to that reported for polycrystalline platinum electrodes 

[120]. It shows the presence of adsorption states associated with (110) sites (peak a/a') and 

(100) sites (peak bib') at -107 mV and -34 mV, respectively [29]. Moreover, a poorly

resolved shoulder around 50 m V (peak c/c') is apparent, being characteristic of (100) terraces. 

Similar results were observed by Serrano-Ruiz et al. [119]. 
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On the other hand, the voltammograms of oriented Pt(l 00) nanoparticles (Figure 59b) shows 

very clearly the presence of adsorption states associated with (110) sites (peak a/a') and (100) 

sites (peak b/b') at -131 mV and -34 mV, respectively. Redox peak b/b' is much sharper and 

well pronounced for Pt(l 00) nanoparticles than that observed for the polyoriented Pt 

nanoparticles characteristic of Pt(l 00) domains. A well resolved redox peak at around 29 m V 

(peak c/c') was also observed associated with (100) sites [29, 119]. A poorly defined redox 

peak around 445 m V (peak d/d') was observed characteristic of small (111) ordered surface 

domains. It is noteworthy that the (111) domains are not well pronounced compared to the 

( 100) sites indicating that the synthesised nanoparticles contained more of the ( 100) sites. The

comparison of this voltammetric profile with that obtained for a Pt(l 00) single crystal 

electrode [121] clearly points out that Pt nanoparticles synthesised by the H2 reduction 

method have a higher density of Pt(lO0) sites. Moreover, Pt(lO0) wide terraces are present at 

the surface as suggested by peak c/c' [199]. 
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Figure 59: Cyclic voltammograms of (a) polycrystalline Pt nanoparticles and (b) Pt(lO0) 

nanoparticles modified Pt electrode;. Test solution, 0.5 M H2SO4: Scan rate, 20 mV s-1• 
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The electrochemical behaviour of the Pt(l 00) nanoparticles in 0.5 M H2SO4 was further 

interrogated at different scan rates as shown in Figure 60. It can be seen that the redox peak 

currents increased linearly with increase in scan rates (Figure 61) indicating that the pair of  

redox waves originated from the surface confined molecules. The cathodic and anodic peak 

currents (peak b/b') were linear functions of the scan rate in the range 10 m V s- 1 to I 00 m V s- 1 

and their linear regressions were lp,a = 1.467 x 10-6 v + 3.892 x 10-6 (R2 = 0.995) and lp,c = -

1.521 x 10-6 v - 3.422 x 10-6 (R2 = 0.999). These results indicate that the electron transfer 

reaction in the sulphuric acid was adsorption controlled. To further verify surface 

electrochemistry occurring on the Pt(l 00) nanoparticles, the logarithmic linear relationship 

between the peak currents and scan rates of peaks b/b' was investigated. The value of the 

slope of the linear plot of log IP versus log v was used to elucidate the nature of the processes 

influencing the electrochemistry of the surface confined material. The plots of log Ip versus 

log v (not shown) gave slopes of 0.97 and 0.96 for the anodic and cathodic peaks, 

respectively confirming the occurrence of adsorption-controlled electrochemistry. 

As discussed in section 5.2.2, sodium polyacrylate salt was used as the surface-stabilising 

agent. This stabilising agent must be completely removed from the surface of the 

nanoparticles because chemical or electrochemical reactions can only be understood on 

"clean" surfaces. Obtaining reproducible measurements requires comparison between data on 

clean surfaces, because "contaminated" surfaces have unknown composition. The level of 

cleanliness of  the Pt surfaces can be readily evaluated by simply visualising the so-called 

hydrogen adsorption desorption region [200]. Thus, the peak position, sharpness, and the 

reversibility of the adsorption states in the so-called hydrogen adsorption region can be 

employed as probes to estimate the surface cleanliness of the Pt(lO0) nanoparticles, an 

imperative prerequisite for a correct surface characterisation and further electrocatalytic 
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evaluation. As shown in Figure 60, the adsorption peaks were found to be reversible and 

sharp, denoting that the nanoparticles were well cleaned and ready for electrocatalytic 

applications. 
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Figure 60: Cyclic voltammograms of Pt(lO0) nanoparticles modified Pt electrode at 

different scan rates; Test solution: 0.5 M H2S0 4•
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Figure 61: Relationship between the peak currents and scan rates for Pt(l00) 

nanoparticles modified Pt electrode (peak b/b'). 
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Pt(l00)Pd nanoalloys (Figure 62b) showed a shoulder at 190 mV and a well-defined redox 

peak at -67 mV (peak a/a') for the (110) and (100) sites, respectively. However, it can be 

observed that the Pd in the alloy blocked some of the (100) terraces as indicated by the 

absence of the peak that was observed at 29 mV (see Figure 59b above). Similar results were 

obtained by Serrano-Ruiz [119] where the (100) terraces were blocked by Bi and Ge 

adatoms. However, Au was found to be moderately insensitive to the presence of  Pt(l 00) 

surface sites as shown in Figure 62a. It is noteworthy that PdAu alloyed with Pt( 100) was 

found to be sensitive to the Pt(l 00) sites and blocked some of the (100) terraces (Figure 63). 

A reduction peak (peak b) was observed denoting the reduction of the oxides formed in the 

anodic scan. In this experiment, 0.5 M H2SO4 solution was used as the test solution. 
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Figure 62: Cyclic voltammograms of (a) Pt(lO0)Au nanoalloys and (b) Pt(lO0)Pd 

nanoalloys modified Pt electrode at different scan rates; Test solution: 0.5 M H2S0 4• 

800 

400 

--

-400

-800
a' 

-200 0 200 400 
E / mV (vs. Ag/AgCI) 

600 

10 mV s-1 
20 mV s-1 
40 mV s-1 
50 mV s-1 
60 mV s-1 

800 

Figure 63: Cyclic voltammograms of Pt(lO0)PdAu nanoalloys modified Pt electrode at 

different scan rates; Test solution: 0.5 M H2SO4. 
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5.4.1.1.1 Determination of the electrochemical active surface area (ESA) 

The determination of the active area of electrocatalysts is essential, first of all, to compare the 

performance of the different electrocatalysts and, second, to prove any enhancement in their 

performance. Traditionally, the determination of the active area of platinum has been 

assessed using the charge measured under the adsorption states at low potentials (the so-

called hydrogen adsorption region) for an electrode of known active area [200]. A reference 

value for the charge density for this region is obtained, and this value can be used to 

determine the active area of any electrode whose area cannot be measured directly by 

physical methods. The active surface areas (ESA) of Pt(l 00)nanoparticles and Pt(l 00) based 

nanoalloys were determined by the charge involved in the so-called hydrogen UPD region 

assuming 0.21 mC cm-2 (in sulphuric acid solutions) for the total charge after the subtraction 

of the double layer charging contribution [201]. ESA was estimated from the CV s according 

to the following equation [202-203]. 

ESA= Q H 

Q  
(51) 

Where QH is the charge for the hydrogen adsorption (mC) and Q  is the specific charge for a 

monolayer of hydrogen on Pt (0.21 mC cm-2 ) [202]. Table 3 shows the calculated ESA 

values of the Pt(l 00) nanoparticles and Pt(l 00) based nanoalloys. The results show that the 

Pt(l 00) nanoparticles have higher ESA than the nanoalloys. This plays part in increasing the 

electrocatalytic activity of the nanoparticles. 
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Table 3: Active surface area values for the different nanoparticles. 

Catalyst ESA (cm2) 

Pt(l00) nanoparticles 12.6926 

Pt(l00)Au nanoalloys 8.8550 

Pt(l00)Pd nanoalloys 8.2239 

Pt(l00)PdAu nanoalloys 7.4217 

Pt nanoparticles 0.0099 

5.4.1.2 Electrochemistry of the nanoalloys in 1 M KOH solution 

As discussed in chapter 4, ammonia oxidation takes place effectively in alkaline medium. It 

is thus of interest to interrogate the behaviour of the nanoparticles in alkaline medium. 

Figure 64 shows a series of cyclic voltammograms of the bare Pt electrode and those of the 

Pt electrode modified with the synthesised nanoparticles and nanoalloys. These were 

measured in 1 M KOH at a scan rate of 100 mV s- 1 in the potential range of -1000 mV to 600 

m V. The bare Pt electrode showed typical potential ranges for the hydrogen 

adsorption/desorption (-1000 mV to -600 mV), double layer potential range (-600 mV to 0 

mV Ag/AgCl and the formation/reduction of the surface Pt oxide, Pt-OH acts (0 to 600 

m V)(Ag/ AgCl). For the Pt(l 00) nanoparticles modified Pt electrode ( denoted as 

PtlPt(lO0)NPs), the Pt0 nanoparticles on the Pt electrode surface were oxidised and formed a 

platinum oxide layer (Figure 64A, peak c, Ep,a = -300 m V). On the cathodic CV scan, a 

reduction peak (Figure 64A, peak c', Ep,c = -450 m V) occurred corresponding to the 

reduction of the Pt oxide layer. The appearance of an anodic peaks (Figure 64A, peak a, Ep,a

= -800 m V and peak b, Ep,a = -750 m V) and a cathodic peak (Figure 64A, peak b', Ep,c = -800 

m V) is attributed to the desorption and adsorption of hydrogen atoms adsorbed and absorbed 
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onto the Pt0 nanoparticles, respectively. The nanoalloys modified Pt electrodes showed a 

similar behaviour (Figures 64B, C and D). 
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Figure 64: Cyclic voltammograms of PtlPt(lO0)NPs (A), PtlPt(lO0)AuNPs (B), 

PtlPt(l00)PdNPs (C), PtlPt(l00)PdAuNPs (D) in 1 M KOH: Scan rate, 100 mV s· 1• 
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5.4.2 lmpedimetric characteristics of the oriented nanoalloys in 1 M KOH solution 

The resistance to charge transfer of the oriented Pt(l 00) nanoparticles and the Pt(l 00) based 

nanoalloys was monitored by electrochemical impedance spectroscopy (EIS), which is an 

effective method for probing the features of the surface of modified electrodes. The Nyquist 

plot of impedance spectra includes a semicircle portion and a linear portion, with the former 

at higher frequencies corresponding to the electron transfer process and the latter at lower 

frequencies corresponding to the diffusion process. The charge transfer resistance (Rc1) at the 

electrode surface is equal to the semicircle diameter, which can be used to describe the 

interface properties of the electrode [204]. 
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Figure 65: Nyquist plots of bare Pt electrode, PtlPt(lO0)NPs, PtlPt(lO0)PdNPs, 

PtlPt(lO0)AuNPs and PtlPt(lO0)PdAuNPs in 1 M KOH. 
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From Figure 65 the charge transfer resistance (Rc1) of PtlPt(l 00)PdAuNPs was the lowest (Rc1 

= 2.3954 x 105 Q) compared to that of PtlPt(l00)AuNPs (5.4205 x 105 Q), PtlPt(l00)PdNPs 

(5.7348 x 105 Q), PtlPt(l00)NPs (1.8905 x 106 Q) and the bare Pt electrode (1.0982 x 107 Q) 

indicating that the Pt(l 00)PdAu nanoalloy have good conductivity and played an important 

role in accelerating the transfer of electrons. This can be attributed to the increased catalytic 

and improved conductivity properties portrayed by nanoalloys. The impedance parameters 

(table 4) were obtained by fitting using an equivalent circuit (Figure 66) and the fitting 

errors were less than 2%. Rs is the solution resistance, Rct is the charge transfer resistance, and 

CPE ( constant phase element) is a distributive element that models the double layer 

capacitance owing to surface inhomogeneity and Zw (w) measures mass transport. 

Figure 66: Equivalent circuit. 

Table 4: EIS parameters of Pt(lO0) and Pt(lO0) nanoalloys in 1 M KOH (data obtained 

from the circuit fitting of Figure 65). 

Circuit element Rs (Q) Rc1(O) CPE (nF) Zw (k Q s112 ) 

Bare Pt electrode 7.6820 1.0982 X 107 0.7212 0.5349 

PtlPt( 1 00)NPs 83.3600 1.8905 X 106 0.9019 0.8999 

PtlPt( 1 00)PdNPs 100.2000 5.7348 X 105 0.9105 0.4091 

PtlPt( 1 00)AuNPs 97.2800 5.4205 X 105 0.9547 1.2150 

PtlPt( 1 00)PdAuNPs 117.4000 2.3954 X 105 0.9533 0.8510 
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5.4.3 Electrochemistry of the oriented nanoalloys in [Fe(CN)6 ] 3 -14-

Cyclic voltammetry of the ferricyanide system is a convenient and valuable tool to monitor 

the electrochemical characteristics of the surface of modified electrodes. CV s at the bare and 

the different nanoparticles modified electrodes in 5 mM K3Fe(CN)6/ Fe(CN)6 containing 

aq. KCl (0.1 M) were shown in Figure 67. Nanoalloys are known to portray higher catalytic 

and conduction properties compared to monometallic nanoparticles. From Figure 67, the 

nanoparticles modified electrode showed higher peak currents and lower peak to peak 

separations (see table 5) indicating that there was a faster electron transfer compared to the 

bare Pt electrode. The nanoparticles with large specific surface area and good conductivity 

could act as conduction centres which facilitate the transfer of  electrons, so they accumulated 

much more K3Fe(CN)6/ Fe(CN)6 on the modified electrode. Moreover, the ternary 

nanoalloys modified electrode (curve a) showed the highest peak current portraying the 

highest conduction properties of the nanoalloys. 
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Figure 67: Cyclic voltammograms of PtlPt(lOO)PdAuNPs (curve a), PtlPt(lOO)AuNPs 

(curve b), PtlPt(lOO)PdNPs (curve c), PtlPt(lOO)NPs (curve d) and bare Pt electrode 

(curve e) in 5 mM K3Fe(CN)61K. Fe(CN)6 solution: Scan rate, 100 mV s-1. 

Table 5: CV peak parameters of Pt(lOO) and Pt(lOO) nanoalloy systems in [Fe(CN)6] 3- 14-

( data obtained from Figure 67). 

Electrode Ep,a (mV) Ep,c(mV) l p,a (A) l p,c(A) M p (mV) 

Bare Pt 294 106 2.224 X 10-:, -l.997x 10-s 188 

Pt(l00)NPs 286 112 2.602 X 10-:, -2.357 X 10-:, 174 

Pt(l 00)PdNPs 264 131 3.072 X 10-s -2.813 X 10-:, 133 

Pt(l 00)AuNPs 257 124 4.559 X 10-:, -4.226 X 10-:, 133 

Pt( 1 00)PdAuNPs 262 104 6.664 X 10-:, -5.942 X 10-:, 158 
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Electrochemical impedance spectra (EIS) measurements were performed in KCl (0.1 M) 

solutions containing [Fe(CN)6] 3 - 14 - and plotted in the form of complex plane diagrams 

(Nyquist plots) with a frequency range of 100 kHz to 0.1 Hz. The amplitude of the applied 

sine wave potential was 10 m V, whereas the ambient applied de potentials were set at the 

formal potentials which were obtained from the CV experiments of the [Fe(CN)6] 3 - /4 - redox 

probe. 

a - - Bare Pt electrode 
-2ooo b PtjPt(1 00)NPs 

c - PtjPt(1 00)AuNPs 
d-P t jP t (100)PdNPs 

-1500 e PtIPt(100)PdAuNPs 

0 -1000 
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0 1000 2000 3000 
Zr I Ohms 

4000 5000 

Figure 68: EIS Nyquist plots of bare Pt electrode (curve a), PtlPt(lO0)NPs (curve b) 

PtlPt(l00)AuNPs (curve c), PtlPt(l00)PdNPs (curve d), and PtlPt(l00)PdAuNPs (curve 

e) in the presence of [Fe(CN)6]3- l
4

- redox system.

From Figure 68, significant difference of the charge transfer resistances (Rcts) was observed 

upon the formation of the modified electrodes. The Rct value for the bare Pt electrode ( curve 

a) was 2.899 x 103 n. After the Pt(l 00)NPs were deposited on the electrode, the Rct value

was found to be 1.105 x 103 n (curve b). As compared to bare Pt electrode (curve a), the Rct

of  Pt/Pt(lO0)NPs (curve b) decreased. This can be attributed to the presence of the
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nanoparticles with high surface area and conduction properties thus lowering the resistance to 

charge transfer. After the bare Pt electrode was modified with PtlPt(l00)PdNPs, the Rct value 

(6.588 x 102 Q) decreased obviously (curve d) implying that the Pt(lO0)PdNPs played an 

important role in accelerating the transfer of electrons. Similar results were observed when 

Pt(l00)AuNPs were used. For the PtlPt(l00)PdAuNPs, the Rct value (3.66 x 102 Q) decreased 

further ( curve e) an indicator that the ternary nanoalloys was more facile to the electron 

transfer. This agrees well with the results presented in Figures 65 and 67. Table 6 shows the 

EIS data. 

Table 6: EIS parameters of Pt(lO0) and Pt(lO0) nanoalloy systems in [Fe(CN)6 ] 3 - 14-

( data obtained from Figure 68). 

Electrode Rs (Ohms) 

Bare Pt 303.5 
'"== I =  

PtlPt(l 00)NPs 332.5 

PtlPt(l 00)PdNPs 330.9 
I• 

PtlPt(l 00)AuNPs 359.0 

PtlPt(l 00)PdAuNPs 271.6 

:::: 

'"' 

R c t  (KOhms) 

2.899 
::::::: _:: : : : : :1 ,  

1.105 
i ' 

0.658 .. 
0.590 

0.366 

CPE (nF) Zw(KDW) f(Hz) 

523.7 1.961 84.98 :::: 

565.9 1.954 211.62 
r 

673.6 2.244 333.94 

632.7 2.015 419.49 

582.0 2.243 831.53 

From CVmax (frequency at maximum imaginary impedance of the semicircle), useful kinetic 

parameters of Fe(CN)/- Fe(CN)/  + e- electron transfer such as time constant (cycle life) 

r, exchange current / 0 • and heterogeneous rate constant k were calculated from equations 

(52, 53, 54 and 55) and shown in table 7. 
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(52) 

(53) 

(54) 

(55) 

Where CVmax = 2 1t f, C d 1 is the double layer capacitance, R = 8.314 J K- 1 mor', F = 96 486 C 

mor 1, n =l, C0 is the concentration of [Fe(CN)6] 3 -14- = 5 x 10-6 mol cm-3 . The maximum 

frequency values (.f) where taken from Figure 68. 

Table 7: Effect of nanoparticles modified Pt electrode on the kinetics of [Fe(CN)6] 3 -14-. 

Electrode Bare Pt(l00) Pt(l00)Pd Pt(lO0)Au Pt(l00)PdAu 

Wmax (rad s-1) 534.05 1329.82 2098.48 2636.08 5225.33 
" '  

T (s rad-1) 1.872 X 10-J 7.500x 10-4 4.765 X 10-4 3.794 X 10-4 1.914 X 10-4 

10 (A) 8.857 X 10-b 2.324 X 10-5 3.898 X 10-5 4.351 X 10-5 7.019 X 10-' 

k(cm s-1} 9.134x 10-4 2.396 X 10-J 4.02 X 10-J 4.486 X 10-J 7.235 X 10-J 

From table 7, 10 values for the electron transfer reaction of Fe(CN) / 14 - on bare Pt and 

nanoparticles increases with Pt(l 00)PdAuNPs having the highest exchange current. A higher 

exchange current indicated an increase in the rate of electron transfer which was observed on 
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the nanoalloys modified electrodes. This increase in electron transfer (increase in reaction 

rate) can be attributed to the catalytic effect of the nanoparticles. 

5.5 Catalytic performance of Pt(lOO)Au, Pt(lOO)Pd and Pt(lOO)PdAu nanoalloys 

5.5.1 Electrocatalytic oxidation of ammonia 

As can be seen from the voltammetric profiles of the nanoparticles, Pt(l 00)PdAu nanoalloys 

showed the lowest amount of Pt( 100) sites as well as the lowest electroactive surface area 

(ESA) thus gave the lowest ammonia oxidation current while Pt(lO0)Pd and Pt(I00)Au 

nanoalloys showed a higher current due to the increased Pt(00) sites and ESA. A significant 

enhancement on the ammonia oxidation current (at around -292 m V) was obtained when the 

preferential colloidal Pt(l 00) nanoparticles were employed. These voltammograms clearly 

points out that ammonia oxidation reaction is strongly influenced by the density of  (100) sites 

on the nanoparticles (Figures 69-70). The Pt(lO0) nanoparticles showed a higher current 

density compared to the polycrystalline Pt nanoparticles (Figure 71). This can be attributed 

to the (100) sites which favoured ammonia oxidation. Figure 72 shows an overlay of the bare 

Pt electrode and the nanoparticles modified Pt electrode towards the ammonia oxidation. 

Oxidation of ammonia starts at a lower potential on the Pt(l 00)NPs and has the highest peak 

currents (see table 8) denoting the effect of (100) sites on ammonia oxidation. This can also 

be explained by the increased ESA as explained in section 5.4.1.1.1. It is noteworthy that the 

introduction of Pd and Au adatoms into the Pt(lO0) sytems to form nanoalloys showed better 

catalytic properties compared to the bare Pt electrode. This is attributed to the high catalytic 

properties attached to nanoparticles and nanoalloys. The Pd and Au adatoms may have 

lowered the density of the (100) sites in the nanoalloys thus lowering their catalytic properties 

towards ammonia oxidation. 
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Figure 69: Cyclic voltammograms of (a) bare Pt electrode, (b) PtjPt(lO0)PdAuNPs, (c) 

PtjPt(l00)AuNPs and (d) PtjPt(lO0)PdNPs electrodes in 1 M KOH and 0.1 M ammonia: 

Scan rate, 100 mV s- 1• 
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Figure 72: Cyclic voltammograms of bare Pt electrode, PtlPt(lO0)PdAuNPs, 

PtlPt(lO0)PdNPs, PtlPt(lO0)AuNPs and PtlPt(l00)NPs electrodes in 1 M KOH and 0.1 

M ammonia: Scan rate, 100 mV s- 1• 

Table 8: CV parameters of Pt(lO0)PdAu, Pt(lO0)Pd and Pt(l00)Au nanoalloys in 0.1 M 

ammonia and 1 M KOH (data extracted from Figure 72). 

Electrode Ep,a (mV) lp,a (A) 

Bare Pt -281 1.525 X 10-5

PtlPt(l 00)PdAuNPs -276 2.028 X 10-5

PtlPt(l 00)PdNPs -285 3.185 X 10-5

PtlPt(l 00)AuNPs -295 3.972 X 10-5

PtlPt(l 00)NPs -276 1.274 X 10-4 
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5.5.2 Effect of potential scan rates 

In order to study the nature of the oxidation of ammonia, we performed the CV s at different 

scan rates (Figure 73) measured on PtlPt(l 00)NPs electrode in 0.1 M ammonia and 1 M 

KOH solution. The anodic peak currents increased significantly with the increasing potential 

scan rate. The peak currents followed a linear v 112 (v: potential scan rate) dependence, as 

shown in Figure 74, indicating a diffusion controlled rather than surface controlled electron 

transfer kinetics. Additionally, the peak potential shifted positively with increasing the scan 

rates, demonstrating the oxidation of ammonia was an irreversible process [191]. 
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Figure 73: Cyclic voltammograms of PtlPt(lO0)NPs electrode in the presence of 0.1 M 

ammonia in 1 M KOH aqueous solution at different scan rates. 
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5.5.3 Effect of ammoma concentration 

Figure 75 shows the cyclic voltammograms measured on PtlPt(l 00)NPs in 1 M KOH 

solution with the various ammonia concentrations. It can be seen that three anodic current 

peaks were observed at approximately -940 m V, -700 m V and -292 V (Ag/ AgCl). With the 

increase in ammonia concentration, the peak current at -292 mV (ammonia oxidation peak) 

increased continuously. This can be attributed to the adsorption of more NH3(aq) on the 

electrode surface to be oxidised, thus the anodic current increases continuously with the 

ammonia concentration. There was a significant increase in peak current when the ammonia 

concentration increased from 0.025 M to 0.1 M. With respect to the influence of the ammonia 

concentration on peak current at -940 m V and -700 m V, there was an insignificant change in 

peak current. When the ammonia concentration reached a certain level, i.e., 0.1 M, the 
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adsorption of ammonia on PtlPt(lO0)NPs electrode achieved a relatively saturation status. 

The further increase of the ammonia concentration in the solution apparently enhanced the 

amount of  ammonia to be oxidised. However, the intermediates generated during ammonia 

oxidation, such as NH2,ads and NHads, could remain on the electrode surface and block the 

ammonia adsorption. This observation may be due to the fact that the rate of N ads formation 

increases with concentration therefore, blocking active sites and preventing ammonia electro-

oxidation. The electrode surface may also be saturated with different adsorbed species in 

agreement with the reaction mechanism described by equations 31-36 hence affecting the 

capability of the catalyst to oxidize at higher concentrations of ammonia. It is reasonable to 

assume that the blocking effect will be significant when the solution contains a high 

concentration of ammonia. Therefore, an increase in ammonia concentration beyond 0.1 M 

results in slight decrease in anodic peak current due to ammonia saturation on the electrode 

surface. The present results show that ammonia can be oxidized effectively on PtlPt(l00)NPs 

electrode. 
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Figure 75: Cyclic voltammograms of PtlPt(lO0)NPs in 1 M KOH solution with various 

concentrations of ammonia (0-0.0125 M): Scan rate, 100 m V s- 1
.
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5.6 Sub conclusion 

Pt nanoparticles and Pt based nanoalloys with (100) preferentially oriented surface structures 

were successfully synthesised and their activities for ammonia oxidation in basic medium 

were studied. The results show that ammonia oxidation is very sensitive to the existence of 

Pt(l 00) sites. Oxidation currents for the Pt(lO0) nanoparticles towards ammonia oxidation 

eight times higher to that found for bare platinum electrode and six times higher to that found 

for Pt(l00)PdAu were obtained showing the importance of controlling the surface structure of 

the nanoparticles for the development of an active electrocatalyst for ammonia oxidation. 

This contribution also shows the importance of the surface structure of the nanoparticles on 

its electrocatalytic activity. 
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CHAPTER SIX 

RESULTS AND DISCUSSION: Part 3 

AMMONIA OXIDATION ON Pt(lO0)Ir, Pt(lO0)Rh, Pt(lO0)IrAu, Pt(l00)Pdir and 

Pt(lO0)RhAu NANOALLOY SYSTEMS 

Summary 

In this chapter, the characterisation o f  oriented Pt(J00)Jr, Pt(J00)Rh, Pt(J00)lrAu, 

Pt(] 00)Pdlr and Pt(l 00)RhAu nanoalloys is discussed. Particle sizes, structures and surface 

compositions o f  the nanoalloys are investigated using HRTEM and EDX The catalytic effects 

o f  the nanoalloys towards ammonia oxidation are also discussed.
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6.1 Introduction 

As discussed in Chapter 5, ammoma oxidation on platinum is an extremely structure 

sensitive reaction which takes place almost exclusively on surface sites with (100) symmetry. 

Nanoalloys are known to exhibit better catalytic properties than their monometallic 

nanoparticles hence the synthesis of oriented Pt(l00) based nanoalloys and their subsequent 

application in ammonia oxidation is worth investigating. In this chapter, ammonia electro-

oxidation reaction will further be studied in alkaline solution using bimetallic and ternary 

Pt(l00)Ir, Pt(lO0)Rh, Pt(lO0)lrAu, Pt(l00)Pdlr and Pt(lO0)RhAu nanoalloys. In these 

nanoalloys, Pt is employed as base metal not only because of its electrocatalytic properties 

but also due to the fact that Nad is formed at very high potentials on its surface in comparison 

with other metals. 

6.2 Spectroscopic and morphological characterisation of the oriented nanoalloys 

6.2.1 UV-visible spectroscopy 

The formation of the nanoalloys by reduction of PtCl?, Ir4+, HAuC14-, Rh3+ and Pd2
+ ions 

was confirmed by the use of UV-visible spectroscopy. Figure 76 shows the UV-visible 

spectra of  the starting materials (salts) while the spectra of Pt(l00)Ir, Pt(lO0)Rh, Pt(l00)IrAu, 

Pt(l00)Pdlr and Pt(l00)RhAu nanoalloys are shown in Figure 77. The absorption peaks 

observed at (bands at Amax) 234 nm, 304 nm, 432 nm and 488 nm for H2IrCk H2O salt which 

are characteristic of iridium(III) and iridium(IV) chloride complexes disappeared after 16 h 

reduction indicating that the iridium ions were completely reduced [205]. The absorption 

peaks observed at 262 nm for Pt4+, 285 nm for Au3+, and 420 nm for Pd2+ ions (see chapter 

5, Figure 50) disappeared indicating that the metal ions were completely reduced. The 

absence of the absorption peaks in the oriented nanoalloys indicated that there was complete 

reduction of the metal salts to zero-valent nanoparticles/nanoalloys. 
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Figure 76: UV-visible spectra of H2IrCl6.H2O and Na3RhCl6 salts. 
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Figure 77: UV-visible spectra of Pt(lO0)Ir, Pt(lO0)Rh, Pt(l00)IrAu, Pt(lO0)Pdlr and 

Pt(l00)RhAu nanoalloys. 
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6.2.2 High resolution transmission electron microscopy (HRTEM) 

Figure 78 shows some representative HRTEM images of polyacrylate acid capped 

nanoalloys prepared using H2 reduction colloidal method. From HRTEM results, it was 

possible to estimate the particle sizes that were very similar in all cases and ranged from 3 -

10 nm. Some cubic shaped particles were observed in the Pt(lO0)Rh system a characteristic 

of Pt( 100) sites present in the nanoalloys. Well dispersed and non-agglomerated Pt( lO0)Pdlr, 

Pt(l00)RhAu, Pt(lO0)Ir and Pt(lO0)IrAu nanoalloy images were observed. This can be 

attributed to the use of sodium polyacrylate that was used as a capping/stabilising material. 

This surface-stabilising agent weakly interacts with the nanoalloy surfaces and therefore is 

easy to remove, which is crucial when the surface properties of the nanoparticles are under 

investigation. As explained in chapter 5, image observation may be misleading and so 

alternative characterisation techniques are required to obtain the orientation of the 

nanoalloys. 
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Figure 78: HRTEM images of Pt(lOO)Pdlr nanoalloys (A), Pt(lOO)Rh nanoalloys (B), 

Pt(lOO)RhAu nanoalloys (C), Pt(lOO)Ir nanoalloys (D) and Pt(lOO)lrAu nanoalloys (E). 

6.2.3 Energy dispersive X-ray spectroscopy (EDX analysis) 

EDX used in conjunction with HRTEM was used to obtain the localized elemental 

information of the nanoalloys. EDX revealed the presence of all the elements present in the 

bimetallic and ternary alloy nanoparticles (Figures 79-82). However, for Pt(lOO)Ir, 

Pt(lOO)IrAu, and Pt(lOO)Pdlr nanoparticles, EDX was not employed to determine the atomic 

composition of the sample due to the overlapping of the Pt and Ir signals [30]. 
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Figure 82: EDX spectrum of Pt(lOO)IrAu nanoalloys. 
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6.3 Electrochemical characteristics of the nanoalloys 

6.3.1 Electrochemistry of the nanoalloys in 0.5 M H2S0 4 test solution 

Figure 83 shows the characteristic voltammetric profiles of the different Pt based nanoalloys 

in 0.5 M sulphuric acid. The symmetry of the adsorption states is indicative of the surface 

cleanliness. The inclusion of the adatoms to the Pt(IO0) system to form Pt(l00)Rh, Pt(l00)Ir, 

Pt(l00)IrAu, Pt(IO0)Pdlr and Pt(lO0)RhAu nanoalloys blocked the 100 domains in the 

Pt( 100) systems as evidenced by the absence of the peak at 29 m V ( see chapter 5, section 

5.4.1). A redox peak (a/a') was observed in the nanoalloys within the range -200 and 0 mV 

which is attributed the adsorption/desorption of hydrogen. This behaviour was also observed 

for Pt(l00)Pd, Pt(lO0)PdAu nanoalloys discussed in chapter 5, section 5.4.1. The absence of 

two redox peaks as observed with Pt(IO0) nanoparticles (see section 5.4.1) indicated that Rh, 

Ir, IrAu, Pdlr and RhAu adatoms were effectively incorporated into the Pt(IO0) system to 

form nanoalloys. A reduction peak was observed between 500 m V and 730 m V which can be 

attributed to reduction of Pt oxide formed during the anodic scanning. 
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Figure 83: Cyclic voltammograms of Pt(lO0)Rh (a), Pt(lO0)Ir (b), Pt(l00)IrAu (c), 

Pt(lO0)Pdlr (d) and Pt(lO0)RhAu nanoalloys (e) modified Pt electrode in 0.5 M H2S0 4 

at different scan rates. 

6.3.2 Electrochemistry of the nanoalloys in 1 M KOH solution 

Cyclic voltammograms of Pt(l00)Rh, Pt(l00)Ir, Pt(lO0)IrAu, Pt(IO0)Pdlr and Pt(lO0)RhAu 

nanoalloys in 1 M KOH are presented in Figure 84. All nanoalloys were cycled for 4 cycles 

resulting in a stable and reproducible shape of CVs. For the Pt(IO0)Pdlr, Pt(l00)IrAu and 

Pt(l00)Ir nanoalloys modified Pt electrode (Figure 84a), well defined hydrogen adsorption 
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and desorption peaks were observed in the hydrogen region (-800 to -500 m V). A redox peak 

in the potential range -400 mV to 0 mV was observed in Pt(IO0)Ir, Pt(l00)IrAu and 

Pt(l 00)Pdlr modified Pt electrode, respectively characteristic of Ir(IV)/lr(III) [23]. Pt(IO0)Rh 

and Pt( 1 00)RhAu nanoalloys showed oxidation peaks at around -400 to 100 m V depicting the 

formation of oxides, whereas oxide reduction was observed as a small peak at around -300 

m V on the cathodic scan. Difference in surface composition of the alloys was shown by the 

cathodic shift of the oxygen desorption peak (from -241 m V for Pt(IO0)Rh nanoalloys to -

326 mV for the Pt(l00)RhAu nanoalloys). 
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Figure 84: Cyclic voltammograms of Pt(lO0)Ir, Pt(lO0)IrAu and Pt(lO0)Pdlr (a) and 

Pt(lO0)RhAu and Pt(lO0)Rh (b) modified Pt electrode in 1 M KOH: Scan rate, 100 mV 
-1 s . 
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6.4 Catalytic performance of the nanoalloys 

6.4.1 Electrocatalytic oxidation of ammonia 

The ability of the synthesised nanoalloys to catalyse the electro-oxidation of ammonia in 

strong alkaline solution (1 M KOH) was investigated with cyclic voltammetric studies. 

Figures 85 shows the cyclic voltammograms of Pt(lOO)Ir, Pt(lOO)Rh, Pt(lOO)IrAu, 

Pt(lOO)Pdlr and Pt(lOO)RhAu nanoalloys modified Pt electrodes in 1 M KOH aqueous 

solution with and without 0.1 M ammonia. All nanoalloys were cycled for 4 cycles resulting 

in a stable and reproducible shape of CV s in both ammonia containing and ammonia free 

solutions. It is apparent from Figure 85 that the presence of ammonia has an influence on the 

hydrogen regions due to the possible competition between the N-containing adsorbates with 

Hads [ 15]. In the presence of ammonia, PtlPt(l OO)IrNPs, (Figure 85a) showed a well-defined 

peak in the potential region of -500 and O m V corresponding to ammonia oxidation. Current 

started rising around -450 m V reached maximum at -300 m V and then decreased. The 

decrease in the current density was due to the surface deactivation by inert N-adsorbate 

species (Nads) [15]. CVs of PtlPt(lOO)RhNPs, PtlPt(lOO)IrAuNPs, PtlPt(lOO)PdlrNPs and 

PtlPt(lOO)RhAuNPs in 1 M KOH and 0.1 M ammonia solutions showed an ammonia 

oxidation peak at -301 mV, -281 mV, -299 mV and -274 mV respectively as shown in Figure 

85. According to the comparative CV s, which are illustrated in Figure 86, and taking as

criterion the height of the peak current observed for each nanoalloy material, the tested 

catalysts can be classified as: PtlPt(lOO)RhAuNPs > PtlPt(lOO)PdlrNPs >. PtlPt(lOO)IrAuNPs 

> PtlPt(lOO)RhNPs > PtlPt(lOO)IrNPs while the overpotential of ammonia oxidation

decreases as follows PtlPt(lOO)RhAuNPs > PtlPt(lOO)IrAuNPs > PtlPt(lOO)PdirNPs > 

PtlPt(l OO)IrNPs > PtlPt(lOO)RhNPs. Based on the current density, the results indicate that 

having trimetallic catalysts has advantages for ammonia electro-oxidation. Electronic effect 

generated among the three metals in the trimetallic nanoparticles might be responsible for 
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increase m the catalytic activity of Pt-containing catalysts, causmg weakening of the 

adsorption strength of poisonous Nads intermediate. Table 9 show the data obtained from 

Figure 86. 
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Figure 85 Cyclic voltammograms of PtlPt(lO0)IrNPs (a), PtlPt(lO0)RhNPs (b), 

PtlPt(l00)IrAuNPs (c), PtlPt(lO0)PdlrNPs (d), and PtlPt(l00)RhAuNPs (e) in 1 M KOH 

and 0.1 M ammonia solution: Scan rate, 100 m V s-1
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Figure 86: CVs of Pt(lOO)Ir, Pt(lOO)Rh, Pt(lOO)IrAu, Pt(lOO)Pdlr and Pt(lOO)RhAu 

nanoalloys modified electrode in 0.1 M ammonia and 1 M KOH: Scan rate 100 mV s- 1• 

Table 9: CV parameters of Pt(lO0)Ir, Pt(lO0)Rh, Pt(lO0)IrAu, Pt(lO0)Pdlr and 

Pt(l00)RhAu nanoalloys in 0.1 M ammonia and 1 M KOH (data extracted from Figure 

86). 

Electrode lpa (A) 

PtlPt( 1 00)RhAuNPs 1.681 X 10-4 

PtlPt(l 00)PdlrNPs -299 1.361 X 104

Pt I Pt( 1 00)IrAuNPs -281 1.124 X 104

PtlPt( 1 00)RhNPs -301 3.417 X 10-S 

PtlPt(l 00)IrNPs -300 2.292 X 10-S 
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6.5 Sub conclusion 

Pt based nanoalloys with (100) preferentially oriented surface structures were successfully 

synthesised and their activities for ammonia oxidation in basic medium were studied. Among 

all the bimetallic and ternary samples tested, only Pt(l 00)Pdlr and Pt(l 00)RhAu 

nanoparticles showed at low potential range and an enhancement of the oxidation density 

current with respect to the behaviour found for Pt( 100) nanoparticles prepared by the same 

method. 
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CHAPTER SEVEN 

RESULTS AND DISCUSSION: Part 4 

Pt(l00) NANOALLOY SYSTEMS AS ELECTROCATALYSTS FOR HYDRAZINE 

OXIDATION 

This chapter provides a detailed account o f  the application o f  the synthesised Pt(] 00) 

nanoparticles and oriented Pt(J00) nanoalloys in the electro-oxidation o f  hydrazine. 
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7.1 Introduction 

Carbon-free fuel such as hydrazine (N2H4) is of particular interest since its consumption 

yields N2 as the main product [36, 206]. Direct electrochemical oxidation of hydrazine at 

ordinary solid electrodes is a slow electrode process resulting in large overpotential. A 

number of different catalysts have been reported for the anodic oxidation of hydrazine. 

Among these catalysts are Pt, Pd, Ag, Au, Hg, and Co [37]. However, the oxidation of 

hydrazine on these electrodes has been shown to exhibit high overpotentials and less power 

density. A unique class of materials called nanoparticles and nanoalloys is now emerging. 

Nanoparticles are clusters of atoms, ions or molecules with dimensions of less than 100 nm 

and frequently display unusual physical and chemical properties depending on their size, 

shape and stabilising agents and are known to improve the reaction rates of systems they 

catalyse due to their better physicochemical properties [26, 207]. Bimetallic nanoparticles in 

form of nanoalloys have been found to portray better catalytic properties than the 

monometallic nanoparticles due to their increased synergistic properties [208]. In this 

chapter, Pt(IO0) nanoparticles and oriented nanoalloy electrocatalysts deposited on glassy 

carbon electrodes (GCEs) for the electro-oxidation of hydrazine are presented. 

7.2 Catalytic performance of Pt(lOO) nanoparticles and oriented Pt(lOO) nanoalloys 

7.2.1 Electro-oxidation of hydrazine on Pt(lOO) nanoparticles modified GCE 

The cyclic voltammograms of 10 mM hydrazine using Pt(l 00) nanoparticles modified GCE 

(Pt(lO0)NPs/GCE) (curve a) and bare GCE (curve b) in phosphate buffer solution (PBS, pH 

7.4) at a scan rate of 50 m V s - I  are shown in Figure 87. At the bare GCE, hydrazine shows a 

featureless voltarnmogram (Figure 87 curve b). However, a well-formed profile of hydrazine 

oxidation for Pt(IO0) nanoparticles modified GCE can clearly be observed at around 20 mV 

(Figure 87 curve a). In comparison with the data at the bare GCE, an increase in peak 

187 

http://etd.uwc.ac.za/



current, a lower onset oxidation potential and a decrease in the overpotential of hydrazine 

was observed at the Pt(l 00) nanoparticles modified electrode. This result may be attributed to 

the high catalytic effect of the nanoparticles and the large specific surface area of the 

Pt(l00)NPs/GCE. It is apparent from the obtained CV graph that in the absence of hydrazine, 

both the bare GCE and Pt(lO0)NPs/GCE do not show any redox peak as shown in 

voltammograms c and d. The electrochemical response of hydrazine on the Pt(l 00)NPs/GCE 

is irreversible as no cathodic current was observed in the reverse sweep. These observations 

lead to the conclusion that the synthesised Pt(I00) nanoparticles are effective electrocatalysts 

for the electro-oxidation of hydrazine. 

-

Pt(100)N 
150 b Bare GCE 

1 0 0  

5 0

/ 
0 

- 5 0  - + - - - . - - - r - - - - - - r - - - . - - - . - - - r - - - - - - r - - - r - - - . - - - . . - - - - - - - . - - - - 1

-600 -400 -200 0 200 400 600 
E / mV (vs. Ag/AgCI)

Figure 87: Cyclic voltammograms of 10 mM hydrazine at Pt(lO0)NPs/GCE (curve a) 

and bare GCE (curve b) in 0.1 M PBS (pH 7.4) at scan rate 50 mV s-1
• The 

voltammograms c and d are the backgrounds. 
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The reaction mechanism for the Pt(l00) nanoparticles with high electrocatalytic activity 

towards hydrazine electro-oxidation was proposed, see Scheme 5. Initially, the two N atoms 

of N2H4 coordinate with a Pt(l 00) nanoparticle to form N(ad). As the potential gradually 

changes from positive to negative, the surface of the Pt(l 00) nanoparticle becomes electron-

rich, which repels nitrogen atoms and attracts hydrogen atoms. Each of the two H-N bonds 

breaks, so H becomes adsorbed on the metal surface, forming H(ad). Subsequently, H(ad) 

reacts with O f f to form H20 and an electron. Finally, N2 forms between the two residual 

N(ad) of  the original hydrazine molecule. 

Negative 
potential 

Scheme 5: Schematic representation of hydrazine oxidation. 

7.2.1.1 Effect of scan rates 

OH' 

The effect of different scan rates on the electrocatalytic properties of Pt(l 00)NPs/GCE 

towards hydrazine oxidation was studied and results shown in Figure 88. As can be seen 

from Figure 88, the increase in potential scan rate induced an increase in the electrocatalytic 

peak current and resulted in a shift to more positive potential values for the catalytic 

oxidation of hydrazine. This clear shift of the peak potential occurred as expected for 

irreversible electrochemical reactions [80]. This is also shown by the linear relationship 
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between Ep,a and log v (see Figure 90). The obtained cyclic voltammograms were used to 

examine the variation of oxidation peak current versus scan rate. The oxidation current of 

hydrazine increased linearly with the square root of scan rate (Figure 89) 

( ] p a  =-21.282+ 17.143v 112 (mV 112 s- 112
) , (R2 = 0.994) which demonstrated a diffusion 

controlled redox process [209]. 

400 1 - - 2  mV 5 - 1

- - 5  m v s - 1 

1 - - 6 0  mV s- 1 

300  - - 1 0 0  mV s- 1 

_ . _ - 1 5 0 m v s - 1 

a - - 2 0 0  mV s- 1 

1 - - 2 5 0  mV 5 - 1

1 - - 300 mV s- 1 

  200-
100 1 - - 3 5 0  mV s- 1 

0 

400 mV s- 1 

  450 m v s - 1 

1 1 - - 5 0 0  mV s- 1 

-1000 -800 -600 -400 -200 0

E / mV (vs. Ag/AgCI) 
200 400 600 

Figure 88: Cyclic voltammograms of Pt(lO0)NPs/GCE in 0.1 M PBS (pH 7.4) containing 

10 mM hydrazine at various scan rates. 
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Figure 89: Randles-Sevcik plot of Pt(lO0)NPs/GCE in 0.1 M PBS (pH 7.4) containing 10 
mM hydrazine. 
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Figure 90: Relationship between the oxidation peak potential (Ep) and log of scan rate 

for Pt(l00)NPs/GCE in 0.1 M PBS (pH 7.4) containing 10 mM hydrazine. 
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7 .2.2 Electro-oxidation of hydrazine on Pt(lO0)Pd nanoalloy modified GCE 

Figure 91 presents the cyclic voltammograms of Pt(l 00)Pd nanoalloy modified GCE 

(Pt(l00)PdNPs/GCE) (curve a) and bare GCE (curve b) in the absence and presence of 10 

mM hydrazine in phosphate buffer solution (0.1 M and pH 7.4). As shown in Figure 91, 

curve b, no well-defined oxidation peak was observed for hydrazine at the bare GCE. A well 

resolved oxidation peak at 169 mV on Pt(lO0)PdNPs/GCE (Figure 91, curve a) was 

observed. This indicates the high catalytic activity of Pt(l 00)Pd nanoalloys towards 

hydrazine oxidation. 

300 a - P t ( 1 0 0 ) P d N P s / G C E
b Bare GCE 

250 

200 

150-
100

50 

0 
C 

d 

-50 -+--.--------..------------.--- ........ - - - - , , - - - - . - - - - - f

-600 -400 -200 0 200 400 600 
E / mV (vs. Ag/AgCI) 

Figure 91: Cyclic voltammograms of 10 mM hydrazine at Pt(l00)PdNPs/GCE (curve a) 

and bare GCE (curve b) in 0.1 M PBS (pH 7.4) at scan rate 50 mV s-1• The 

voltammograms c (bare GCE) and d (Pt(lO0)PdNPs/GCE) are the backgrounds. 
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7.2.2.1 Effect of scan rates 

Figure 92 shows the cyclic voltammograms of Pt(IO0)Pd nanoparticles modified GCE in 0.1 

M PBS (pH 7.4) containing 10 mM hydrazine at different scan rates. It can be noted that the 

anodic peak currents increased and the peak potential shifted positively as the scan rate 

increases. The nature of the oxidation process was found to be diffusion controlled in the 

buffer system studied, as evidenced by the linear plots of the peak current (lp,a) versus square 

root of the scan rate (v 112
) (Figure 93) as depicted by the following linear relationship: 

500 

400 

300 

200 

100 

0 

-600

/ pa  =-112.067 +57.966v 112 (mV 112 s- 112 ) 

10 mV s·1

20 mV s·1

40 mV s·1

50 mV s·1

60 mV s·1

80 mV s·1

100 mV s·1

-400 -200 0 200 

E / mV (vs. Ag/AgCI) 

400 600 

Figure 92: Cyclic voltammograms of Pt(lO0)PdNPs/GCE in 0.1 M PBS (pH 7.4) 

containing 10 mM hydrazine at various scan rates. 
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Figure 93: Randles-Sevcik plot of Pt(l00)PdNPs/GCE in 0.1 M PBS (pH 7.4) containing 

10 mM hydrazine. 

In order to obtain the information on the rate determining step, Tafel slope, b, was determined 

using the following equation valid for a totally irreversible diffusion controlled process [80]. 

E
P 

=0.5blogv+constant 

Equation 57 can also be re-written as: 

b 
E

P 
= - log v + constant 

2 

Therefore, on the basis of equation 58, the slope of Ep versus log v plot is: 

dEP _ b 
d log v 2 

(57) 

(58) 

(59) 

Where b is the Tafel slope and v is the scan rate. The Tafel slope can also be expressed as 

[80]: 
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(60) 

When Ep values were plotted against log v (Figure 94), the following linear relationship was 

obtained: 

E P  =0.373+0.154logv(V s-1), R2 =0.994 (61) 

The slope of the plots of Ep versus log v is b/2 which was found to be 0.154. So, b = 0.308. 

Assuming one electron transfer in the rate-determining step (na = 1), this slope value 

indicates a transfer coefficient (a) equal to 0.2 as calculated below: 

0.308=2.3x8.314x298(aa x lx96486t1 

0.308= 5698.4156
96486xaa

5698.4156a= - - - - -
a 96486x 0.308 

The number of electrons (n) involved in the overall reaction was obtained from the slope of Ip

versus v112 according to the following equation [80]: 

(62) 

where A is electrode surface area, Cs is hydrazine concentration and D is diffusion coefficient 

(assuming D = 4. 1 x 10-s cm2 s-1 calculated from chronoamperometric data). From the slope 

of Ip versus v112 plot, the total number of electrons (n) involved in the oxidation was evaluated 

to be 4. This correlated well with the number of electrons involved in hydrazine oxidation as 

reported in literature [210]. 
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Figure 94: Relationship between the oxidation peak potential (Ep) and log of scan rate 

for Pt(l00)PdNPs/GCE in 0.1 M PBS (pH 7.4) containing 10 mM hydrazine. 

The mechanism of hydrazine oxidation depends significantly on the electrolyte solution and 

the nature of the electrodes. Under solution conditions, hydrazine is mainly present in its 

unprotonated form and the protonated form is partially presented. The following mechanism 

could be proposed for the oxidation of hydrazine at the Pt(l 00)PdNPs/GCE [80, 210]. 

(I) (63)

(II) (64)

The rate-determining step is one electron transfer followed by a 3-electron process to give N2

as the final product. The overall reaction of the oxidation of hydrazine can be expressed as: 

(65) 
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7.2.3 Electro-oxidation of hydrazine on Pt(lOO)Au nanoalloy modified GCE 

In order to interrogate the catalytic effect of Pt(l 00)Au nanoalloys towards hydrazine electro-

oxidation, Pt(l 00)Au nanoalloys modified GCE (Pt(l 00)AuNPs/GCE) was compared with 

bare GCE in presence of 10 mM hydrazine. The cyclic voltarnrnetry method was used to 

estimate the electrocatalytic behaviour of the electrodes. Figure 95 presents cyclic 

voltammograms of Pt(l00)AuNPs/GCE (curve a) and bare GCE (curve b) in 0.1 M PBS (pH 

7.4) at a scan rate of 50 mV s- 1 . The bare GCE showed no catalytic effect towards hydrazine 

oxidation as no oxidation peak was observed. However Pt(lO0)AuNPs/GCE showed a well-

resolved oxidation peak with increased current density and reduced overpotential compared 

to the bare GCE. This result may be attributed to the large specific surface area of the 

Pt( 1 00)Au nanoalloys. The electrochemical response of hydrazine on Pt( 1 00)AuNPs/GCE 

was found to be irreversible as no cathodic peak was observed during the reverse sweep. 

Thus, Pt(IO0)Au nanoalloys were found to be good electrocatalysts for the oxidation of 

ammonia based on their ability to reduce hydrazine oxidation overpotential and increase the 

oxidation current density. 
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Figure 95: Cyclic voltammograms of 10 mM hydrazine at Pt(lO0)AuNPs/GCE (curve a) 

and bare GCE (curve b) in 0.1 M PBS (pH 7.4) at scan rate 50 mV s-1• The 

voltammograms c and d are the backgrounds. 

7.2.3.1 Effect of scan rates 

The effect of scan rate on hydrazine oxidation at Pt(l 00)AuNPs/GCE was studied and shown 

in Figure 96. It can be seen that the peak potential shifted slightly toward positive direction 

with increasing scan rate. The peak currents of hydrazine oxidation were linearly proportional 

to the square root of the scan rate (v 112
) with a correlation coefficient of 0.995 as shown in 

Figure 97. This indicates that the electrochemical reaction rate is fast and the oxidation of 

hydrazine on Pt(lO0)AuNPs/GCE is a typical diffusion-controlled process. A linear 

relationship between Ep,a and log v was obtained, indicating the oxidation of hydrazine was an 

irreversible electrode process (Figure 98). 
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Figure 96: Cyclic voltammograms obtained for Pt(lO0)AuNPs/GCE in 0.1 M PBS (pH 

7.4) containing 10 mM hydrazine at various scan rates. 

360 

340 y = 38.264 X + 40.783 • 
320 R2 = 0.995 

300 

280 

<(  260- 240 

220 

200 

180 

160 

140 
3 4 5 6 7 8 

Figure 97: Randles-Sevcik plot of Pt(lO0)AuNPs/GCE in 0.1 M PBS (pH 7.4) containing 

10 mM hydrazine. 
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Figure 98: Relationship between the oxidation peak potential (Ep) and log of scan rate 

for Pt(lOO)AuNPs/GCE in 0.1 M PBS (pH 7.4) containing 10 mM hydrazine. 

7.2.4 Electro-oxidation of hydrazine on Pt(lOO)Ir, Pt(lOO)IrAu and Pt(lOO)Pdlr 

nanoalloys modified GCE 

In order to investigate the electrocatalytic behaviour of Pt(IO0)Ir, Pt(l00)IrAu and 

Pt(I00)Pdlr nanoalloys modified GCE towards hydrazine oxidation, CVs were obtained in 10 

mM hydrazine as shown in Figure 99. No defined anodic peak for hydrazine oxidation was 

observed on the bare GCE (curve a). Under the same experimental conditions, the CV 

obtained on Pt(l00)IrNPs/GCE showed a remarkable increase in oxidation current and 

negative shift of the peak potential ( curve b ). The 3 52 m V reduction of overpotential 

indicated an efficiently catalytic ability of the Pt(l 00)Ir nanoalloys towards the oxidation of 

hydrazine. This large decrease in oxidation overpotential corresponds to the presence of high 

density arrays of Pt(I00)Ir nanoalloys and their electrocatalytic behaviour. A well-defined 

oxidation peak appeared at 20 mV on the Pt(IO0)Pdlr/GCE (curve c). There was an increased 
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peak current density and reduced overpotential as compared to the bare GCE which can be 

attributed to the high specific surface area of the Pt(l 00)Pdlr nanoalloys. 

Pt(l 00)IrAuNPs/GCE ( curve d) showed a stronger catalytic activity toward the oxidation of 

hydrazine as revealed by the increased current density and reduced overpotential. 

C a - B a r e G C E  
200 b - Pt( 1 00)lrNPs/GCE 

c -P t (100)Pd l rNPs /GCE 

160 d - Pt 100 lrAuNPs/GCE 

120 

80 

40 

0 

-40
-400 -200 0 200 400 600 800 

E / mV (vs. Ag/AgCI) 

Figure 99: Cyclic voltammograms of 10 mM hydrazine at bare GCE (curve a), 

Pt(lO0)IrNPs/GCE (curve b), Pt(lO0)PdlrNPs/GCE (curve c), and 

Pt(l00)IrAuNPs/GCE (curve d) in 0.1 M PBS (pH 7.4) at scan rate 50 mV s- 1• The 

voltammograms e, f and g are the backgrounds. 

7.2.4.1 Effect of scan rates 

The scan rate effects on the oxidation of 10 mM hydrazine at Pt(l 00)IrNPs/GCE, 

Pt(l00)PdlrNPs/GCE and Pt(lO0)IrAuNPs/GCE were investigated by CV as shown in 

Figures 100-102. Plots of anodic peak current versus the square root of scan rate (v 112 )
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yielded a straight line in the range of 20-400 mV s· 1 , Jp,a (µA)= 20.316 v 112 (mV 112 s· 112 ) +

9.696 (R2 = 0.997) for Pt(l 00)IrNPs/GCE, 10-400 m V s· 1 , Jp,a (µA)= 28.270 v 112 (m V 112 s· 112 ) 

+ 17.643 (R2 = 0.994) for Pt(l 00)PdlrNPs/GCE and 50-400 m V s· 1
, lp,a (µA) = 35.932 v 1I2 

(mV 112 s· 112 ) -66.761 (R2 = 0.994) for Pt(lO0)IrAuNPs/GCE, respectively indicating that the

electrocatalytic oxidation of hydrazine at the modified GCE's was typical diffusion-

controlled electron transfer mechanism. The oxidation peak potentials (Ep,a) of all the

modified GCE's shifted positively with increase in scan rate (v) denoting that the oxidation of

hydrazine was an irreversible electrode process.
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Figure 100: Cyclic voltammograms of Pt(lO0)IrNPs/GCE in 0.1 M PBS (pH 7.4) 

containing 10 mM hydrazine at various scan rates and a plot of peak current versus the 

square root of scan rate. 
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Figure 101: Cyclic voltammograms of Pt(lO0)IrAuNPs/GCE in 0.1 M PBS (pH 7.4) 

containing 10 mM hydrazine at various scan rates and a plot of peak current versus the 

square root of scan rate. 
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Figure 102: Cyclic voltammograms of Pt(lO0)PdlrNPs/GCE in 0.1 M PBS (pH 7.4) 

containing 10 mM hydrazine at various scan rates and a plot of peak current versus the 

square root of scan rate. 
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7.2.5 Electrocatalytic oxidation of hydrazine on Pt(lOO)Rh and Pt(lOO)RhAu nanoalloys 

modified GCE 

In order to evaluate the electrocatalytic activity of Pt(lO0)RhNPs/GCE and 

Pt(l00)RhAuNPs/GCE toward the oxidation of hydrazine, CVs were obtained in the presence 

of 10 mM hydrazine as shown in Figure 103. At bare GCE, a featureless oxidation peak 

current was observed at about 400 mV (curve a). The CV obtained at Pt(lO0)RhNPs/GCE 

showed a well-formed sha r p  catalytic oxidation peak at -82 mV (curve b). An even sha r per 

catalytic peak appeared at -328 mV at Pt(l00)RhAuNPs/GCE (curve c). There was an overall 

negative shift of the peak potentials which indicated that the catalytic activity of these 

electrodes was in the order of Pt(lO0)RhAuNPs/GCE > Pt(lO0)RhNPs/GCE > bare GCE. 

The increase in peak current and the reduction in peak potentials proved that Pt( 1 00)RhAu 

and Pt(l 00)Rh nanoalloys have a strong catalytic character on hydrazine The increase of 

current response can be partly attributed to the increase of reversibility of the electron transfer 

process, however, it may also be generated from the increased large surface area leading to a 

high surface accumulation of the electroactive species. The large decrease in the 

overpotential associated with a substantial increase in the peak height reflects a faster 

electron transfer reaction on the nanoalloys modified GCE's owing to the high catalytic effect 

of the nanoalloys. The faster electron transfer leads to sharper and better defined peaks. 

204 

http://etd.uwc.ac.za/



240 

200 

160 

120 

80 

40 / 
0 

-40

-600

C a - B a r e G C E  
b - Pt(1 00)RhNPs/GCE 
c - P t  100 RhAuNPs/GCE 

0 

� - - - - E / mV (vs. Ag/AgCI) 

600 

Figure 103: Cyclic voltammograms of 10 mM hydrazine at bare GCE (curve a), 

Pt(lOO)RhNPs/GCE (curve b) and Pt(lOO)RhAuNPs/GCE (curve c) in 0.1 M PBS (pH 

7.4) at scan rate 50 mV s- 1. Curves e, f and g represent CVs at OM hydrazine. 

7.2.5.1 Effect of scan rates 

The scan rate effect on the cyclic voltammetric responses of Pt(l00)Rh and Pt(l00)RhAu 

nanoalloys modified electrodes in 0.1 M PBS (pH 7.4) with 10 mM hydrazine is shown in 

Figures 104-105. As the scan rate increased, the oxidation peak currents (/p,a) increased. A 

good linear relationship between lp,a and scan rate was obtained over the range of 10 - 400 

mV s- 1 for Pt(l00)RhNPs/GCE and 60 - 300 mV s- 1 for Pt(l00)RhAuNPs/GCE. The linear 

regression equation was lp,a (µA) = 18.045 vI12 (mV 112 s- I12) + 28.520 (R2 = 0.996) for 

Pt(lO0)RhNPs/GCE and lp,a (µA) = 30.506 v I 12 (mV 112 s- 112
) - 68.414 (R2 = 0.997) for 

Pt(l 00)RhAuNPs/GCE, respectively depicting that the responses of the hydrazine on the 

surface of Pt(l 00)Rh and Pt( lO0)RhAu nanoalloys modified electrodes were diffusion 
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controlled. It can be seen that the peak potential shifted slightly toward positive direction 

with increasing the scan rate a characteristic feature of irreversible systems. 
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Figure 104: Cyclic voltammograms of Pt(lO0)RhNPs/GCE in 0.1 M PBS (pH 7.4) 

containing 10 mM hydrazine at various scan rates and a plot of peak current versus the 

square root of scan rate. 

2omvs-1 
600 6omvs-1 

aomvs- 1 

450 100 mvs·1 
200 mV s-1 

500 
y = 30.506 X - 68.414 

450 
R2 = 0.997 

400 

1 300 250 mV s-1 - 300 mvs· 1 - I 150 350 mvs· 

1 350 

_a. 300 

0 250 

-150 200 

-1000 -800 -600 -400 -200 0 200 400 600 8 10 12 14 16 18 

E / mV (vs. Ag/AgCI) (v/mVs- 1 )1 12 

Figure 105: Cyclic voltammograms of Pt(lO0)RhAuNPs/GCE in 0.1 M PBS (pH 7.4) 

containing 10 mM hydrazine at various scan rates and a plot of peak current versus the 

square root of scan rate. 
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7.2.6 Comparison of the catalytic effects of the nanoalloys on hydrazine oxidation 

The CV s of hydrazine oxidation on Pt(l 00)NPs/GCE, Pt( lO0)PdNPs/GCE, 

Pt( 1 00)AuNPs/GCE, Pt( 1 00)IrNPs/GCE, Pt( 1 00)PdlrNPs/GCE, Pt( 1 00)IrAuNPs/GCE, 

Pt(l00)RhNPs/GCE and Pt(lO0)RhAuNPs/GCE were compared to that on bare GCE in the 

presence of 10 mM hydrazine. The catalytic activity of these electrodes with respect to 

reduced overpotential follows the order; Pt(l00)RhAuNPs/GCE > Pt(l00)IrAuNPs/GCE > 

Pt(lO0)RhNPs/GCE > Pt(lO0)PdlrNPs/GCE > Pt(I00)NPs/GCE > Pt(lO0)IrNPs/GCE > 

Pt(lO0)PdNPs/GCE > Pt(I00)AuNPs/GCE. Based on increased current density, the 

electrocatalytic activity of the nanoparticles followed the order; Pt(l 00)AuNPs/GCE > 

Pt( 1 00)PdNPs/GCE > Pt(l 00)RhAuNPs/GCE > Pt( 1 00)PdlrNPs/GCE > 

Pt( 1 00)IrAuNPs/GCE > Pt( 1 00)RhNPs/GCE > Pt( 1 00)lrNPs/GCE > Pt( 1 00)NPs/GCE as 

shown in table 10. 

Table 10: CV parameters of Pt(l00) nanoalloys in 0.1 M PBS and 10 mM hydrazine 

Electrode Ep,a(mV) /p,a(µA) 

Bare GCE 400 11.556 

Pt( 1 00)NPs/GCE 20 159.713 

Pt( 1 00)IrNPs/GCE 48 161.039 

Pt(l 00)RhNPs/GCE -82 179.696 

Pt( 1 00)IrAuNPs/GCE -288 187.581 

Pt( 1 00)PdlrNPs/GCE 20 204.406 

Pt(l 00)RhAuNPs/GCE -328 227.882 

Pt( 1 00)PdNPs/GCE 169 296.752 

Pt(l00)AuNPs/GCE 342 309.977 
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7.3 Sub conclusion 

The lack of carbon atoms in hydrazine, resulting in zero emission of CO2 to the atmosphere 

makes it a unique fuel for direct fuel cells. It is also a liquid and can be easily stored and 

transferred through existing supply chains. Hydrazine is a simple molecule with high 

theoretical power density, and can be electro-oxidized on the surface of many catalysts via 

mechanisms leading only to nitrogen and water. The electro-oxidation of N2H4 was 

intensively studied using preferentially oriented Pt(l00) based nanoalloys. A mechanism for 

electro-oxidation of hydrazine demonstrated an irreversible diffusion-controlled electrode 

process and a four-electron transfer involved in the overall reaction. This study has 

demonstrated for the first time that it is possible to catalytically oxidise hydrazine using 

oriented nanomaterials. This was revealed by: 

• An increase oxidation current densi 

• Lower onset oxidation potentials

L
ty 

J_U 

• Decrease in the oxidation overpotentials

L l 

The oriented Pt(IO0) nanoparticles and Pt(l00) nanoalloy systems exhibited over 1000% 

increase in current density and 15% decrease overpotential for hydrazine electro-oxidation 

compared to the bare GCE. The much improved current density of the oriented nanoalloys is 

attributed to the increased surface area and the presence of (100) sites which favour faster 

hydrazine oxidation rates. 
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CHAPTER EIGHT 

GENERAL CONCLUSION AND RECOMENDATIONS 

Summary 

This chapter revisits the specific objectives o f  the study to report whether the aims o f  this 

dissertation were achieved and to give an overview o f  the success and shortcomings o f  the 

study. Also reported here is an indication o f  which areas o f  this study warrant further 

investigations in the future. 
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8.1 General conclusion 

8.1.1 Summary of findings and contributions 

Highly electrocatalytic PdAuAg nanoalloys were prepared through a facile synthesis 

with ascorbic acid as a reductant and poly(vinyl pyrrolidone) (PVP) as a stabilising 

agent from aqueous solutions of PdCh/HAuC14.3H2O/ AgNO3 mixtures. High resolution 

transmission electron microscopy (HRTEM) revealed the formation of crystalline non-

aggregated 25-35 nm sized nanoalloys. The elemental composition of the alloy 

nanoparticles measured using energy dispersive X-ray (EDX) showed the presence of 

the three elements; Pd, Au and Ag. The electrocatalytic behaviour of the PdAuAg 

nanoalloys for ammonia oxidation in KOH solution showed reduced overpotential 

properties and an increased current density compared to the bare Pt electrode thus 

providing a promising alternative for development of low-cost and high-performance 

electrocatalyst for electro-oxidation of ammonia. 

Novel sodium polyacrylate-capped Pt(IO0)Pd, Pt(l00)Au, Pt(l00)PdAu, Pt(IO0)Rh, 

Pt(l 00)Ir, Pt(lO0)RhAu, Pt(IO0)Pdlr and Pt(l 00)IrAu nanoalloys were also synthesised. The 

nanoalloys were formed in the presence of sodium polyacrylate which acted as a capping 

material. The electrostatic repulsion of negatively charged carboxyl groups present in the 

sodium polyacrylate prevented the nanoalloys from agglomeration. The shapes and the 

structures of the nanoalloys were studied using high resolution transmission electron 

microscopy (HRTEM) and cyclic voltammetry (CV). HRTEM analysis provided information 

about the size and the shape of the nano alloys; the nanoalloys were found to be below 20 nm 

in size and having a high amount of (100) sites. The CV of the nanoparticles in the hydrogen 

adsorption/desorption region was used as structure sensitive reaction to obtain qualitative 
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information about the surface structure of the nanoparticles with the Pt(l00) nanoparticles 

showing a voltammetric profile very similar to that of Pt(l 00) single crystal electrode. The 

results reported in this work demonstrate the importance of controlling the intrinsic structural 

properties of Pt nanoparticles; in terms of nature of the active sites and the effect of adding 

adatoms in order to understand their catalytic properties. Of all the electrocatalysts that were 

synthesised, Pt(l 00)RhAu nanoalloys were found to be the most active electrocatalyst in 

terms of maximising the oxidation of ammonia. In terms of minimising the ammonia 

oxidation overpotential, catalyst selection was ranked as follows Pt(l 00)Rh > Pt(l 00) Ir> 

Pt(l00)Pdlr > Pt(l00)Pd > Pt(I00)Au > Pt(IO0)IrAu > Pt(IO0)PdAu > Pt(I00) > 

Pt(l00)RhAu. With regards to maximising the exchange current density, the ranking 1s 

Pt(l00)RhAu > Pt(l00)Pdir > Pt(IO0) > Pt(IO0)IrAu > Pt(IO0)Pd > Pt(IO0)Rh > Pt(I00)Au 

> Pt(IO0)Ir > Pt(IO0)PdAu as shown in table 11. The results indicate that having tri-metallic

catalysts have advantages for ammonia electro-oxidation. 
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Table 11. CV oxidation peak parameters Pt(lO0) nanoalloys in 0.1 M ammonia and 1 M 

KOH 

Electrode Ep,a(mV) /p ,a  (A) 

Bare Pt electrode -281 1.525 X 10-

PtlPt( 1 00)PdAuNPs -276 2.028 X 10-

PtlPt( 1 00)IrNPs -300 2.292 X 10-

PtlPt( 1 00)AuNPs 3.185 X 10-

PtlPt(l 00)RhNPs 3.417x 10-

Pt I Pt( 1 00)PdNPs 3.972 X 10-

PtlPt(l00)IrAuNPs -281 1.124 X 10 

PtlPt( 1 00)NPs -276 1.274 X 10 

PtlPt( 1 00)PdlrNPs -299 1.361 X 10-

PtlPt(l 00)RhAuNPs -274 1.681 X 10 

The synthesised catalysts were also tested towards hydrazine oxidation. The catalytic activity 

of these catalysts with respect to reduced overpotential follows the order; Pt(l00)Au > 

Pt( 1 00)Pd > Pt( 1 00)Ir > Pt( 1 00)Pdlr > Pt( 1 00)Rh > Pt( 1 00)IrAu > Pt( 1 00)RhAu nanoalloys. 

Based on increased current density, the electrocatalytic activity of the nanoparticles followed 

the order; Pt(lO0)Au > Pt(lO0)Pd > Pt(lO0)RhAu > Pt(l00)Pdlr > Pt(lO0)IrAu > Pt(l00)Rh 

> Pt(l 00)Ir nanoalloys. This work has shown for the first time that preferentially oriented

Pt(l 00) nanoalloy systems possess suitable electrochemical and electrocatalytic properties 
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that make them applicable as electrocatalysts for the oxidation of ammonia and hydrazine. 

The nanoalloys film provides a promising route for the development of low-cost, high 

performance electrocatalysts for electro-oxidation of ammonia and hydrazine. 

8.2 Recommendations 

The following further investigations are recommended as a follow up to the research 

activities and results obtained in this PhD study: 

► Interrogation of the electrocatalytic behaviour of the oriented Pt(l 00) nanoalloy

systems supported on multi-walled carbon nanotubes and polymers towards the

oxidation of ammonia and hydrazine.

► In-corporation of other transition metal or metal oxides into the Pt(lO0) nanoalloy

systems to increase the activity of the electrocatalysts can also be studied.

► The Pt( 100) nanoalloy systems showed excellent catalytic properties towards

ammonia and hydrazine oxidation. The application of the electrocatalysts in model

DAFCs and DHFCs is worth investigating.
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