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ABSTRACT 

Nanoengineering of Ruthenium and Platinum-based Nanocatalysts by 
Continuous-Flow Chemistry for Renewable Energy Applications 

Noktan Mohammed AlYami 

 

This thesis presents an integrated study of nanocatalysts for heterogenous catalytic and 

electrochemical processes using pure ruthenium (Ru) with mixed-phase and platinum-

based nanomaterials synthesized by continuous-flow chemistry. There are three major 

challenges to the application of nanomaterials in heterogenous catalytic reactions and 

electrocatalytic processes in acidic solution. These challenges are the following: (i) 

controlling the size, shape and crystallography of nanoparticles to give the best catalytic 

properties, (ii) scaling these nanoparticles up to a commercial quantity (kg per day) and 

(iii) making stable nanoparticles that can be used catalytically without degrading in 

acidic electrolytes. Some crucial limitations of these nanostructured materials in energy 

conversion and storage applications were overcome by continuous-flow chemistry. By 

using a continuous-flow reactor, the creation of scalable nanoparticle systems was 

achieved and their functionality was modified to control the nanoparticles’ physical and 

chemical characteristics. The nanoparticles were also tested for long-term stability, to 

make sure these nanoparticles were feasible under realistic working conditions. These 

nanoparticles are (1) shape- and crystallography-controlled ruthenium (Ru) 

nanoparticles, (2) size-controlled platinum-metal (Pt-M= nickel (Ni) & copper (Cu)) 

nanooctahedra (while maintaining morphology) and (3) core-shell platinum@ruthenium 
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(Pt@Ru) nanoparticles where an ultrathin ruthenium shell was templated onto the 

platinum core. Thus, a complete experimental validation of the formation of a scalable 

amount of these nanoparticles and their catalytic activity and stability towards the 

oxygen evolution reaction (OER) in acid medium, hydrolysis of ammonia borane (AB) 

along with plausible explanations were provided.  
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Chapter 1 : Introduction 

1.1. Energy Crisis: The Terawatt Challenge 

The global energy demand or the looming energy crisis has been named as “The 

Terawatt (TW) Challenge”. This expression is appropriate since the global power 

consumption is in terawatt scale. Worldwide power consumption, which is mostly based 

on fossil fuels (87%), is equivalent to 16 TW. 1-5 In 2050, the projection of energy 

required is estimated to be doubled which will be approximately equivalent to 27.6 TW 

as shown in Table 1.1. Fossil fuels, which are the conventional and non-renewable 

source of energy, have been increasingly consumed due to the rise of population and 

buildings all over the world.2,3,6 Figure 1.1 shows the huge amount of oil consumed 

annually by an average American family which means that the high rate of oil 

consumption is directly proportional to the size of the population.6 It has been expected 

that the existed oil reserves will be dried up in no more than 80 years based on the 

current consumption rates.7 Besides the fear of depletion of fossil fuels has increased 

every year, negative effects of continued use of these fuels should be considered which 

harm the environment such as pollution and global warming by greenhouse gasses 

emissions (NOx, SOx, COx and fine particulates). Table 1.1 shows the rate of the CO2 

emission in 2001 is equivalent to 24 metric tons of carbon dioxide per year (GtCO2/yr) 

and approximately twice the amount of CO2 will be emitted in 2050.3,5,6 Therefore, 

viable alternatives to fossil fuel-based technologies should be implemented for the 

development of energy security for next generations and should provide clean and 
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environmentally friendly energy to meet the regulation requirements.5,8,9 Renewable 

and sustainable energy conversion technologies, which must be able to scale to the TW 

level of deployment, should play a decisive role in near future.4,10  

 

Figure 1.1 In this 1970 picture, an average American family surrounded by their annual consumption of oil 
barrels.6 

 
Table 1.1 World energy statistic and projections. This table is reprinted from ref 3. 

 

1.2. Hydrogen Economy   

Decades ago, many concepts or technologies were already implemented to provide 

electrical energy from renewable sources such as solar photovoltaics and wind power 
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generation. However, these technologies have some drawbacks in which the energy 

provided is discontinuous leading to a mismatch between the supply and demand. Also, 

the sunlight will be available only during daylight hours, and the distribution of the light 

is not even on the Earth’s surface. Thus, due to the intermittent production of energy 

coming from the sun, methods for converting and storing this energy are required. As an 

example, electrolysis cells can convert chemical energy to electrical energy thru 

electrochemical reactions. Consequently, demand for energy can be covered by 

continuous supply through spontaneous electrochemical reactions. Despite the 

difficulties that need to be solved or overcome and many conceptual technologies for 

renewable energy that are being studied, more interest has been given to energy 

conversion based on the hydrogen cycle (“hydrogen economy”).5,11,12 There are three 

expected incentives that hydrogen-based energy can provide: (1) minimizing the 

greenhouse gases and air pollutants emission and improving the air quality, (2) 

warranting the security of energy supply, and for future economic prosperity, (3) 

forming a new industrial and technological energy base.7,13 The hydrogen molecule has 

many attractive characteristics. It is the lightest, smallest, most abundant and has the 

highest energy-to-mass ratio of all chemical elements in the world. However, it does not 

exist in nature as a molecule, it rather presents in combination with either oxygen (as a 

water molecule) or with carbon, nitrogen and oxygen in hydrocarbons such as fossil 

fuels. Figure 1.2 illustrates the decarbonization of several fuels that are used in our daily 

life where hydrogen has zero percent of carbon.7 Therefore, if we can substitute the 

fossil fuel with hydrogen, we would reduce the global energy need and minimize the 
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conventional fuel consumption which eventually decrease the environmental 

emissions.5 In 2010, the transportation sector depends mostly (93%) on fossil fuel, 

ranging from gasoline to heavy oil and consumes almost 20% of world power which is 

equivalent to more than 3.16 TW. Figure 1.3 shows the possible energy conversion and 

storage technologies for automobiles that can displace the internal combustion engine 

or hybrid electric vehicle. Hydrogen fuel cell and battery electric vehicles are considered 

the optimal solutions for replacing the fossil fuel based engines.12 Thus, the most likely 

fuel and key energy carrier of the future is hydrogen. 

 

Figure 1.2. A qualitative illustration showing the carbon/hydrogen ratio for wood, coal, oil, natural gas and 
hydrogen.7 
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Figure 1.3. Schematic illustration of the possible options to power a vehicle and its corresponding rate of 
emission and fuel economy.12 

1.3. Hydrogen from Water-Splitting (Electrolysis)  

Hydrogen economy needs to be generated from renewable, clean and abundant 

sources. Water is globally considered as an abundant and a renewable source of clean 

energy (hydrogen).7,14 Thus, water-splitting is a promising route for hydrogen energy 

conversion. There are other pathways for the production of hydrogen such as natural 

gas and other fossil fuels, biomass as shown in Figure 1.4. The produced hydrogen can 

subsequently be stored in different forms such as liquid organic chemical or metal 

hydrides and as hydrogen gas or liquid.14 In a nutshell, future energy conversion and 

storage technologies, such as water electrolyzers, fuel cells and metal–air batteries will 

mostly be driven by electrolysis.9 These technologies will play a key role in the future of 

sustainable energy. Thus tremendous efforts by researchers have been devoted to 

improving and enhancing the electrocatalytic activity of the following electrochemical 

reactions— the hydrogen evolution reaction (HER) and the oxygen evolution reaction 
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(OER) in water electrolyzer and the hydrogen oxidation reaction (HOR) and the oxygen 

reduction reaction (ORR) in fuel cells (Figure 1.9).14,15 

 

Figure 1.4. Possible production routes of Hydrogen.14 

 

1.4. Water Electrolyzer and Fuel Cell Technologies 

The two kinds of low temperature electrolysis are discussed in details, whereas the fuel 

cell is presented in brief on the basis of how it works. The currently commercially 

available electrolyzers are (1) polymer electrolyte membrane (PEM) electrolyzers, (2) 

alkaline electrolyzers and (3) solid oxide electrolyzers (SOEC). These electrolyzers are 

categorized principally by the type of electrolytes involved. The electrolytes used in PEM 

and alkaline electrolyzers are a solid specialty plastic material (known as Nafion®) and a 

liquid alkaline electrolyte at level of 20-30% KOH, respectively. These electrolytes are 
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supplying the ionic conductivity while being electronically inactive. 16-18 Figure 1.5 

demonstrates how the alkaline and PEM electrolyzers operate. In the alkaline 

electrolyzer, a reduction of water generates hydrogen (HER) and hydroxide ions (OH-) 

which pass selectively through the alkaline electrolyte to the anode to generate oxygen 

(OER) as illustrated in Figure 1.5. This electrolyzer is utilizing a liquid alkaline solution of 

sodium or potassium hydroxide as the electrolyte. However, on the lab scale, there is a 

new development for using solid alkaline exchange membranes instead of the liquid-

base ones as an electrolyte. In the PEM electrolytic cell and at the anode, water oxidizes 

to form  

 
Figure 1.5. Schematic illustration showing how alkaline and PEM water electrolyzers operate.17 

oxygen (OER) and hydrogen ions (protons, H+). The protons selectively pass through the 

PEM to the cathode. Also, the electrons generated move cross an external circuit. At the 

cathode, these protons combine with electrons to create hydrogen gas (HER) as seen in 

Figure 1.5. Each of these elecrolyzers has its own advantages, drawbacks, and potential 

applications, as summarized in Table 1.2.17. PEM electrolyzer is considered as the 
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suitable and applicable technology among the other two. For example, the efficiency of 

PEM and alkaline electrolyzers has been compared as function of the current density as 

depicted in Figure 1.6. PEM electrolyzers show high efficiency and operate at high 

current density 1500 and 2000 mA/cm2. On the contrary, alkaline electrolyzers are not 

as efficient as PEM, which can operate at low current densities between 200 and 500 

mA/cm2 (Figure 1.6). 16 

Table 1.2. The advantages and drawbacks of the three water electrolyzers.17 
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Figure 1.6. Efficiency comparison between PEM and alkaline electrolyzers.16 

Water-splitting in electrolyzer is used as an initial reaction and the hydrogen 

produced will be used in H2/air fuel cell during times of high demand.19 There are more 

than a few kinds of fuel cells namely, (1) proton exchange membrane (PEM) fuel cells, 

(2) direct methanol fuel cells (DMFCs), (3) alkaline fuel cells (AFCs), (4) phosphoric acid 

fuel cells (PAFCs), (5) molten carbonate fuel cells (MCFCs), and (6) Solid oxide fuel cells 

(SOFCs). Figure 1.7 shows PEM fuel cell that works reversibly to the concept of 

electrolyzers where the air and H2 will enter the cathode and anode compartments, 

respectively. Hydrogen is being oxidized (HOR) and producing electrons and protons 

where they flow to reduce the oxygen (ORR) at the anode and generate electricity and 

produce water and heat as byproducts. These fuel cells are used mainly for 

transportation and some stationary applications.20 
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Figure 1.7. A sketch showing the operating principle of PEM fuel Cell.20 

1.5. Electrochemical Reactions in Electrolyzer and Fuel Cell 

The following equations show the fundamental electrochemical reactions of 

water-splitting in acid solutions.  

Cathode: 4H+ + 4e- ⇌ 2H2;  E0 = 0.000 V (SHE)                         (1) 

       Anode: 2H2O ⇌ O2+ 4H+ + 4e- ;  E0 = 1.23 V (SHE)                 (2) 

                Overall reaction: 2H2O ⇌ O2 +2H2;  E0 = 1.229 V (SHE)         (3) 

Where the reverse reactions take place in the fuel cell by oxidizing the hydrogen at the 

anode (anode: 2H2 ⇌ 4H+ + 4e-;  E0 = 0.000 V) and reducing oxygen at the cathode 

(Cathode: O2+ 4H+ + 4e- ⇌ 2H2O;  E0 = 1.23 V) as shown in Figure 1.8.19  
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Figure 1.8. Schematic illustration of the electrochemical reactions that occur in electrolyzer and fuel cell. 19 

 
However, the rate and efficiency of electrolysis cells and fuel cells are often limited by 

the oxygen chemistry including oxygen evolution reaction (OER) and oxygen reduction 

reaction (ORR). Owing to their complex 4-electron process and kinetically sluggish 

nature, the OER and ORR typically occur well above and far below the reversible 

potential (1.23 V) respectively.11,21 Figure 1.9 shows the polarization curves of the 

energy-related electrochemical processes that take place in electrolyzer and fuel 

cell.10,22 Polarization curve is basically curve at oxidizing or reducing region (i.e. half 

cycle). Taking OER as an example, it required a large overpotential to complete a 

complex 4-electron oxidation steps. Moreover, it has long been a major bottleneck for 

water splitting because it requires high energy and induces rapid degradation in the 

currently available catalytic materials. Thus, making a great understanding of the causes 

that affect the efficiency of oxygen electrochemical reactions, in particular, engineering 

and designing active and stable anode nanocatalysts for the oxygen evolution reaction 

(OER: 2H2O ⇌ O2 + 4H+ + 4e- for acidic solution).21 Increasing and enhancing the oxygen 
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catalysts’ stability is one of the major challenges for commercializing electrolyzers and 

fuel cells.  

 

Figure 1.9. The polarization curves of electrochemical reactions and their overall reactions equations. Red 

and blue curves represent the hydrogen-involving and oxygen involving reaction, respectively.22 

1.6. Metal Nanoparticles (NPs) as Catalysts 

 State-of-the-Art Nanomaterials for OER and ORR 

Nanocrystalline materials have been of great impact in the development of next-

generation and high-performance electrolysis and fuel cells.23 Bimetallic nanoparticles 

with controllable surface elemental distribution have become a subject of broad interest 

to the field of catalysis due to their unique catalytic property because of the synergy 

effect or independent property of each metal.22-24 On account of the electronic and 

geometric effects, bimetallic nanostructured catalysts show synergetic effects better 

than the individual metal components.25 As a matter of fact, bimetallic nanocatalysts 

have already been extensively implemented in energy storage, such as the OER and 

hydrogen evolution reaction (HER) in electrolyzer and the oxygen reduction reaction 
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(ORR) and hydrogen oxidation reaction (HOR) in fuel cells.5,11,19,22,24,26-31 Tuning and 

improving their electrocatalytic activity toward specific electrochemical reactions can be 

achieved through the rational design of size and morphology. The Sabatier principle, 

which is an important concept in catalysis, helps in identifying the pattern of catalysts' 

activity.22,32,33 It states that an optimum interaction energy between the reactants and 

the catalyst would obtain the optimum activity. When the reactants reach the surface of 

the active metal, they should adsorb and bind neither weak nor strong. The formed 

products need to desorb in the same way from the surface of the catalyst when all 

required reaction steps have taken place. Thus, the optimum activity will be reached. 

Volcano plots reflect the optimum adsorption of reactants on some selected catalysts, 

an example of each electrochemical reactions is shown in Figure 1.10.22 Based on the 

volcano plot of OER, the best catalysts are Pt-, Ru- and Ir-based oxides in both acid and 

alkaline solutions (Figure 1.10 C). 21,34,35 At present, OER requires an additional 0.2 and 

0.3 V to achieve the minimum onset potential and 1 mA/cm2 respectively for the best 

performing nanocatalysts.34 Moreover, the mass activity and the durability of these 

state-of-the-art nanoparticles is not up to the requirements for real 

implementation.4,11,36,37 Thus, it is an important prerequisite for TW-scale polymer 

electrolyte membrane (PEM) electrolyzer technology to develop an electrocatalyst that 

can show a substantially higher mass activity (in A mg-1 precious metal) than the current 

optimal catalysts. In addition, the state-of-the-art nanocatalyst should exhibit high 

stability during electrooxidation of water and helps to decrease the onset potential for 

OER.4,10  



36 
 

 
Figure 1.10. Volcano plots for different surfaces. a) The relationship between log j0 and adsorption free 

energy of hydrogen. b) ORR activity for various metallic nanoparticles plotted vs. the adsorption energy of 

O*. c) OER activity for a range of binary oxides is expressed by the value of the overpotential for oxygen 

evolution ( against a function of ΔGO* - ΔGOH*.22 

1.6.2. Classical Nucleation and Growth Process 
 

Understanding the crystal nucleation and growth mechanism plays a vital role in 

controlling nanomaterials sizes and morphologies, and thus its physical and chemical 

properties.38-40 Tuning thermodynamic factors (temperature, reduction potential, etc.) 

and kinetic parameters (reactant concentration, diffusion, solubility, reaction rate, etc.) 

helps to achieve accurate control over morphology, size and structure of mono- and bi-

metallic nanocrystals.41-43 Figure 1.11 (B) shows that nanocrystals can be of different 

shapes determined by the chemical potentials of the different crystallographic facets 

and the defects that exist in the formed seeds. As an example, in single crystal seeds, 

the formation of final shape of fcc metal nanoparticles depends on the ratio of the 
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growth rates of such crystal facet to the other which is called “ Wulff’s theorm”.44 These 

are strongly dependent on the reaction environment such as temperature and 

monomer concentration and additives.40 The reaction pathways for the formation of 

different shapes and sizes of nanocrystals have been explained by LaMer diagram as 

shown in Figure 1.11 (A). 

In accordance to the LaMer plot, the formation of these shaped nanocrystals 

consists of three stages: (i) The concentration of the solute (monomer) in the solution is 

built up in order to get to the supersaturation level (Cmax), where most of the atoms 

with unstable energy are formed. In this stage, no precipitation takes place. (ii) Then, 

monomers are being consumed by the nucleation till concentration of growth particles 

reaches the level of the minimum concentration for nucleation (Cmin) again. The 

nucleation ends at this stage. (iii) Finally, the growth process begins and continues until 

the concentration of solute is decreased close to the solubility level (Cs) in which 

equilibrium concentration of the precipitated species is reached.45 Hence, at each 

growth stage, the particles can be controlled by either stopping the reaction (nucleation 

and crystallization) quickly or by supplying a reactant source to obtain monodisperse 

size distribution. The growth stages strongly control the final shape of the nanocrystals.   
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Figure 1.11. (A) A diagram recognized as “LaMer diagram” which summarizes the stages of making 

monodispersed nanocrystals. (B) A schematic illustration of possible shapes of fcc metal nanoparticles as 

described by LaMer diagram (modified from ref 44 and 47). 

The following equations for spherical particle can explain this phenomenon of 

nanoparticles nucleation and crystallization as being thermodynamically or kinetically 

derived:46                

(1)  ∆𝐺𝐺 = −4
3
𝜋𝜋𝑘𝑘𝐵𝐵𝑇𝑇𝑇𝑇𝑇𝑇(𝑆𝑆) + 4𝜋𝜋𝑟𝑟2𝛾𝛾 

(2)   𝑟𝑟𝑐𝑐  =  2𝛾𝛾𝛾𝛾
𝑘𝑘𝐵𝐵𝑇𝑇𝑇𝑇𝑇𝑇(𝑆𝑆)  

where S is the saturation ratio, r is the radius of the nuclei or primary nanocrystal, V is 

the molecular volume of the precipitated objects, and γ is the surface free energy and kB 

is the Boltzmann constant.  The critical nuclei size (rc) can be calculated by assuming 

dΔG/dr = 0, precisely at equilibrium. Additionally, it can be seen from the equations 

above that the smaller the critical nuclei size (rc), the higher the saturation ratio S is.45,47 

Figure 1.12 explains the existence of critical radius in the nucleation process at the 

minimum value of the sum of the volume and surface free energies (ΔGV and ΔGS, 
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respectively).46 Generally, there are two growth regimes for nanocrystal to occur, 

namely thermodynamically controlled or kinetically controlled growth. Hence, a critical 

factor in tailoring nanoparticle morphology and size is to manipulate between the 

thermodynamic and kinetic growth regimes.41,43 Additionally, the ability to control the 

nucleation and growth processes by novel synthetic approaches will essentially help to 

produce nanocrystals with controllable composition, size and shape. 

 

Figure 1.12. A sketch shows the attribution of surface free energy (ΔGS) and volume free energy (ΔGV) in 
obtaining the critical radius (rc).46   

The newly formed seeds will be the template where the crystal growth (shape 

evolution) will build on. So, depending upon the preferable planes of the seeds, the 

growth of nanocrystals will carry on that specific crystallographic plane either low- or 

high- index facets. Figure 1.13 shows the three-major low-index facets or planes of an 

fcc noble metal nanoparticle, that is, {111}, {100} and {110} and their number of the 

bonds (NB) needs to be cracked which are 3, 4 and 6, respectively. Their surface free 

energies (γ) generally follow the sequence of γ{111} < γ{100} < γ{110} as illustrated in 



40 
 

Figure 1.13. This order is calculated or estimated from their surface energies if we know 

that γ{111} = 3.36(e/a2), γ{100} = 4 (e/a2),  γ{110} = 4.24(e/a2), where “e” is the bond strength 

and “a” is lattice constant.43,48,49 When these Miller indices {hkl} have at least one index 

greater than unity, they will be introduced as high-index crystallographic planes. There 

are four major types of high-indexed polyhedral namely, tetrahexahedra (THH), 

trapezohedra (TPH), trisoctahedra (TOH), and hexoctahedra (HOH) and are enclosed by 

{hk0}, {hkk}, {hhl}, and {hkl}, respectively. The nanostructures having these high-index 

facets comprise a high density of low-coordinated atoms, steps, edges, and kinks. By 

including the high-index planes, the surface energy of these facets will increase in the 

order of γ{111} < γ{100} < γ{110} < γ{hkl}.48,49 

 

Figure 1.13. Illustration for the three major facets of an fcc metal nanoparticles (111), (100) and (110) along 
with their number of bonds (NB) needs to be cracked to obtain a new surface. The unit cell for each 
crystallographic facet is labelled by the red dashed boxes.{Xia, 2015 #162} 
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Geometrical dimension of metallic nanomaterials with different shapes is a 

typical way to classify them. The most common dimensions of metal nanoparticles are 

zero-dimensional (0D), one-dimensional (1D), and two-dimensional (2D) as shown in 

Figure 1.14. Also, three-dimensional (3D) metal nanoparticles are available but they 

considered as the most complicated structure and as well as assemblies of 0D, 1D, and 

2D nanostructures. 0D metal nanocrystals involve clusters to nanoparticles composed of 

a few to approximately thousands atoms (sub-100 nm). The common shapes for this 

dimension are spherical, cubic and polyhedral metal nanoparticles. The typical examples 

for 1D motif of metal nanostructures are nanorods, nanowires which formed with large 

aspect ratios. Metal thin films or freestanding layers with nanometer thickness such as 

nanosheets, nanoplatlets are considered as 2D nanomaterials. 

 

Figure 1.14. Basic geometrical motifs of metal nanocrystals: zero-dimensional (0D), one-dimensional 1D 
and two-dimensional 2D.38 
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1.7. Synthetic Methods for Preparation of Mono- and Bi-Metallic NPs 

Novel methods for tailoring mono- and bi-metallic nanomaterials are of great 

importance to enhancing and advancing the field of nanoscience and technology.38,39,50-

56 Figure 1.15 illustrates the two major concepts in the synthesis of metal nanostructure 

materials: bottom-up and top-down.57 These two approaches are categorized by either 

chemical or physical methods. Bottom-up is recognized as the chemical approach in 

which nanoparticles are assembled or created from atoms. Examples of this approach 

are electrochemical synthesis and liquid-phase syntheses such as the solvothermal, hot-

injection method that forms particles thru the thermal decomposition and reduction of 

metals precursors as depicted in Figure 1.16. Top-down is known as the physical method 

where bulk materials or larger particles are decomposed into nanoparticles. 

Lithographic processes and milling are the typical examples of this approach as 

illustrated in Figure 1.16. Mixed-metal nanoparticles produced via controlled liquid-

phase synthesis are among the most extremely studied topics in nanoscience.57-59 The 

solution-phase synthetic approach is a powerful tool for appropriate and reproducible 

size-, shape-, and surface functionality- controlled synthesis of nanoparticles because of 

its high preciseness in tuning the nanoparticle’s size, shape, and composition and also 

allows them to be dispersed in both aqueous and organic media.38,40 In comparison with 

aqueous synthesis, the nanoparticles in organic solution can be obtained in high yield 

and high uniformity. Besides these above-mentioned synthesis methods for making 

nanoparticles, biological methods have been successfully implemented as shown 

Figure 1.16.59    
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Figure 1.15. Schematic Illustration of bottom-up and top-down methods for synthesizing metal 

nanoparticles.57 
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Figure 1.16. Overview on different type of synthesis methods to produce variety of nanoparticles.59 

Controlled solution-based synthesis of metal nanoparticles has gained a broad 

interest from researchers of different backgrounds due to the fact that their physical 

and chemical properties are size, shape, composition, crystal structure dependent.60 

Consequently, designing or engineering nanomaterials with desired or optimized 

performance for a given application can be achieved by a precise control over the 

above-mentioned parameters. The bottom-up solution-based syntheses of mono- and 

bi-metallic nanoparticles have been widely and mostly utilized by researchers due to 
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their high reproducibility in controlling the size and shape of the nanoparticles and its 

wide range of solvents used either an aqueous or a nonhydrolytic media.38 Figure 1.17 

shows the four basic components namely, metal precursor, organic surfactant 

(stabilizing agent) and reducing agent that are needed to generate metal nanoparticles 

along with the reaction pathways for metal nanoparticles nucleation and growth with 

different shapes. The examples of these four components are demonstrated Table 1.3. 

 
Figure 1.17. The four main components exist in liquid-phase synthesis of metal nanoparticles and typical 

pathways for the formation of metal nanocrystals with different shapes. 

 

Table 1.3. The basic components needed to produce metal nanoparticles.44 

 

 



46 
 

1.8. Common Growth Approaches for Bimetallic Nanoparticles 

For bimetallic nanocrystals, there are four common protocols for preparing them which 

will be discussed in the following section. 

 Coreduction 

Coreduction is considered the most uncomplicated method for making bimetallic (M-N) 

nanoparticles. This approach comprises the formation of the zerovalent atoms, M0 and 

N0, by a concurrent reduction of two metal salts, which then nucleate and grow together 

to produce M−N nanoparticles. In some examples in the literature, in order to get a 

homogeneous nanoalloy (e.g., Au−Ag or Pd−Pt), an annealing step (usually, under an 

inert condition) is required after the reaction. In general, different metallic nanoalloys 

can be generated by coreduction and the final morphology, size and composition can be 

controlled by changing the reaction parameters including reaction temperature and 

time, metal precursor concentrations, surfactant and the strength of the reducing agent. 

Typically, metal precursors would be reduced at faster rate if the metal ions have more 

positive reduction potentials as compared to those with lower reduction potentials as 

shown in Table 1.4. Therefore, it is advisable and easier to work with metal ions that 

have less difference in reduction potentials.61  
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Table 1.4. The reduction potential values of several metal ions.61 

 

 Thermal Decomposition  

Thermal decomposition is a powerful rout for the synthesis of mono- and bi-metallic 

nanoparticles. Sometimes, this method is referred to as thermolysis. Traditionally, this 

approach can be used when we deal with metal ions having relatively low reduction 

potentials or with two metal ions having large potential difference in which they cannot 

be chemically reduced. Especially, metal ions that have negative reduction potentials 

e.g., Ni, Fe, Cu are not easy to be reduced without thermal inducement.61,62 Metal 

acetylacetonates M(acac)x, carbonyls M(CO)x and cupferronates are the common 

organometallic salts that can be readily decompose under heating.63,64 Similar to the 

pervious method, controlling the final structure, size and composition can be achieved 

by varying key parameters such as reaction temperature, reaction time, metal 

precursors concentration, surfactant and the strength of reducing agent.      
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 Seed-Mediated Growth 

For well-defined bimetallic nanoparticles with a wide-range of shapes, especially the 

core-shell structure, seed-mediated growth is the foremost synthetic route to be 

employed. In the reaction course, shaped seeds of the first metal will be formed which 

serve as main templates for the heterogeneous nucleation of newly generated atoms by 

the reduction or thermal decomposition of the second metal precursor as shown in 

Figure 1.18. This method was firstly adopted by Murphy and co-workers in 2001. In their 

synthesis, they used gold (Au) nanoparticles as seeds to grow Au nanorods. Many years 

after this discovery, a large number of mixed-metal nanocrystals with different shapes 

and sizes were derived from this method. Two main advantages for using this method 

for the production of bimetallic nanocrystals are providing the means to avoid the self-

nucleation of the two metal atoms and the ability to be quantitative. Figure 1.18 shows 

the three possible growth modes by the seed-mediated approach namely, Frank-van der 

Merwe (FM), Stranski-Krastanov (SK) and Volmer-Weber (VW). In FM and VW, the 

deposited atoms grow in a layer-by-layer way and create 3-D-islands on the seeds’ 

surface, respectively. The adatoms in the SK start assembling in a layer-by-layer mode 

but later switching to creating 3-D-islands on the surface of the seeds.  Bauer and van 

der Merwe firstly implemented these growth concepts in 1986 by depositing thin film 

on the macroscopic substrates.61 Several years later, they have been used in the 

nanoparticles synthesis and Tian and co-workers are the pioneers for connecting the 

same concept to grow Ag, Pd and Pt on Au octahedral seeds. They conclude that to 

obtain a smooth overgrowth of such a metal, there are three main criteria that should 
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be available in the system: (i) a lattice mismatch between the two metals should be less 

than 5%, (ii) the shell metal should have electronegativity less than that of the seed 

metal and (iii) the bond energies of shell metals alone should be less than that of the 

core-shell atoms.65This approach has proven to be a powerful tool to have the control 

over the size, shape and shell thickness of nanoparticles and also can serve as a model 

system to track the nucleation and growth mechanisms happened in the synthesis of 

nanocrystals.  

 

Figure 1.18. The three possible growth modes in seed-mediated approach for bimetallic nanoparticles 
(reprinted from ref .61 

 Galvanic Replacement 

Galvanic replacement can be used to obtain a large number of hollow structures with 

mono- and bimetallic nanoparticles that cannot be achieved by the previously 

mentioned approaches.66 In this method, the reaction is an electrochemical process 

which involves an electron transfer from sacrificial metals to other metal ions with a 

more positive reduction potential.67 Figure 1.19 illustrates the galvanic replacement 

approach for the synthesis of hollow Cu2O-Au nanoparticles and Au nanocages. It starts 
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with reducing metal ions with high reduction potential by the metals existed as 

template and then plate the outer shell of the template while its inner metals dissolve 

into the solution as shown in Figure 1.19. The ultimate morphology is categorized by 

hollow mix-metal nanomaterials or mono-metallic nanocages.68 In most cases, Ag 

nanoparticles have served as sacrificial cores for galvanic replacement reactions for 

generating hollow (frame) bimetallic nanocrystals or nanocages of mono-metallic 

nanoparticles. This is because Ag has a relatively low reduction potentials as compared 

to most of noble metals such as Pt, Au and Pd. By now, lots of sacrificial templates have 

been utilized for the synthesis of hollow bimetallic nanostructures including non-noble 

metals such as Ni, Cu and Co; semiconducting materials such as Se and Te; and oxide 

materials such as Mn3O4, Co3O4 and Cu2O. 61 

 

Figure 1.19. Schematic illustration of galvanic replacement synthesis for making hollow Cu2O–Au 

nanoparticles and Au nanocages.68 

1.9. Kinetics versus Thermodynamics in synthesis of NPs 

In the traditional fields of chemical science, thermodynamics are always characterized 

by the driving force of a system going from initial state to final state, regardless of the 

steps in between, whereas kinetics deals with energy barriers of each steps in the whole 

process. Thus, the chemical reactions for making nanoparticles should be carefully 
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described if they are thermodynamically or kinetically controlled.41 The final shape of 

the nanocrystals is strongly controlled by a balance between the kinetic and 

thermodynamic growth processes. In thermodynamic growth process, an isotropic 

growth of nanocrystals is preferred at high reaction temperature that is characterized by 

low Gibbs free energy (i.e. the sum of strain energies, defects and surface and volume 

free energies are all minimized).38,61 In contrast, anisotropic growth along a specific 

direction is enabled under kinetics which would generate shapes different from the 

ones defined by the thermodynamics. This path is promoted by controlling the 

concentration of monomers and reducing agent.38 Figure 1.20 demonstrates the 

activation energy (Ea) and Gibbs free energy (ΔG°) required for the thermodynamically 

product (C) versus kinetically product (D). When kinetically controlled reactions are 

taking place, they are often faster (red pathway) and their rate constant (k1) is 

exponentially dependent on the activation energy (Ea) [equation (2)] leading to (D) the 

major product. The other scenario is when the most stable state is established 

(equilibrium state) between the seeds, the equilibrium constant (K) of the reaction 

which will be exponentially dependent on the Gibbs free energy (ΔG°) as shown in the 

equation (1).41  
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Figure 1.20. Schematic illustration of two reaction pathways for thermodynamically versus kinetically 
controlled products (C and D, respectively). Equations (1) and (2) are for the equilibrium constant (K) and 
rate constant (k1), respectively.41 
 

An example to show the effect of these two growth processes is the shape 

evolution of PbS nanocrystals.69 A quick addition of a PbS molecular precursor 

encourages the formation of tetrahedral seeds that are enclosed by {100}- and {111}- 

facets. In the presence of dodecanethiol surfactants, the {100} surface has a higher 

surface energy than the {111} surface. Thus, at high reaction temperature, the 

formation of thermodynamically controlled 0D PbS truncated-cubic nanocrystals was 

seen (Figure 1.21 a). Nevertheless, the growth process were seen to be governed by 

kinetics under lower temperature conditions (≈120 ᵒC), which generates 1D rods and 

multipod structures (Figure 1.21 b).38 
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Figure 1.21. The final shape of PbS nanocrystals produced by a) thermodynamic and b) kinetic growth 

regimes. 38 

In bimetallic nanocrystals, especially core-shell structure, the rate of surface 

diffusion (Vdiff) and deposition (Vdep) can influence the final shape of metal nanocrystals. 

Figure 1.22 illustrates the effect of both rates Vdiff and Vdep in controlling the final shape 

of a cubic seed. In the thermodynamically-derived growth, the adatoms will “hit-then-

diffuse” all over the surface and have a ratio between Vdiff and Vdep smaller than one 

(Vdep/Vdiff <1 or <<1), whereas in the kinetically-derived growth, the adatoms will have a 

tendency to “hit-and-stick” to a specific site and have a ratio between Vdiff and Vdep 

greater than one (Vdep/Vdiff >1 or >>1), (Figure 1.22). Thus, at low Vdep and high 

temperature, thermodynamically-controlled product will be formed. In contrast, at high 

Vdep and low temperature, a site-selective growth mode is favored by the kinetics. In 

summary, tuning the final morphology of metal nanocrystals can be achieved by 

controlling both rates (Vdiff and Vdep).61  



54 
 

 

Figure 1.22. cartoon showing four different kinetic conditions for a cubic seed.61 

1.10. Fundamentals of Size and Shape Control for Metal Nanocrystals 
 
Depending on the thermodynamics and kinetics presence in the synthesis of metal 

nanocrystals, the final morphology and size can be powerfully controlled. For instance, 

in the existence of organic surfactants, the single-crystalline seeds can evolve into either 

octahedra, with {111}-facets covering the surface, or cubes with {100}-facets bounding 

the surface.70,71 Metal nanoparticles physicochemical properties are a function of their 

size, shape, and surface structure. Also, their activity and selectivity in large number of 

applications can be optimized by controlling these two main parameters.72 In many 

catalytic processes in industry, the catalysts used are still with poor control over their 

size and shape. In catalysis, polydispersity in size which would eventually lead to 

formation of large particles through Ostwald ripening and a diversity in shape, which 

would lose their catalytic selectivity, activity and stability.73 Therefore, in order to have 
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the optimal performance out of these metal nanoparticles, they have to be of size- and 

shape-controlled with control over the crystal structure.     

 Shape and Size Control of Single Metal Nanoparticles 

As described in the LaMer diagram for the nucleation and growth of metal nanocrystals, 

the metal precursors will decompose and generate zero-valent metal atoms which then 

agglomerate to make stable crystalline seeds.44,60 These seeds play an important role in 

bridging the nuclei and the nanocrystals which eventually define the final shape of metal 

nanoparticles. Typically, there are four structures for seeds to take namely, single-

crystal, singly-twinned, multiply twinned and plate with stacking faults as shown in 

Figure 1.23. All these structures might coexist in one typical synthesis. In order to 

selectively obtain one structure tight control over the seeds with different internal 

structures has to take place. This can be determined by both thermodynamic and kinetic 

factors. Once these seeds were either thermodynamically- or kinetically-controlled, 

different shapes of metal nanoparticles would be accessible. For example, if seeds with 

structure of plate with stacking faults were formed, the production of hexagonal or 

triangular nanoplates would be obtained (Figure 1.23). Table 1.5 depicts the various 

types of fcc metal nanocrystals that have been synthesized with a control over their 

shapes. 60  
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Figure 1.23. The reaction journey for the formation of fcc metal nanocrystals with different 
morphologies.60 
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Table 1.5. Examples of different morphologies obtained for transition metal 
nanoparticles.60 

 
 

The following two examples are representing some of the efforts that have been 

devoted to explain the formation of seeds with different internal structures. The first 

example shows the effect of temperature and particle size on the formation of specific 

internal structure for such seeds. Figure 1.24 shows the phase diagram of Au seeds 

where multiply twinned seeds are preferred at small particle size and single-crystal 

seeds are favored at high particle size. The other example illustrates that the initial 

reduction rate of a precursor can be of great importance to the formation of seeds with 
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specific internal structure. Figure 1.25 demonstrates that the Pd seeds with stacking-

fault, multiply twinned and single-crystal structure can be obtained at from lower to 

higher reduction rate with 100% purity. This reduction rate can be experimentally 

controlled by reaction temperature and the concentration of reducing agent and 

precursor.73    

 
 

Figure 1.24. Phase diagram of Au seeds controlling the internal structure of seeds as a function of 

temperature and nanoparticle size via thermodynamic approach to.73 

73  
 

Figure 1.25. Population of Pd nanocrystals as a function of the initial reduction rate, displaying plates with 

stacking faults (orange), multiply twinned icosahedra (purple), and single-crystal cuboctahedra (blue). This 

is the kinetic approach to controlling the internal structure of seeds.73 
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Recently, and in addition to the thermodynamic and kinetic factors, selective 

dissolution, so-called oxidative etching, can be utilized to synthesize more complex 

shapes and/or selectivity concentrate on a specific internal structure for the seeds. 

These oxidants are the oxygen from air and/or a ligand (halides or metal ions).74-76 The 

example in Figure 1.26 shows clearly the effect of the addition of the foreign ions such 

as bromide ions on the internal structure of the Pt seeds which will eventually generate 

the final shape of metal nanoparticles. In this synthesis, Pt single-crystal seeds were 

formed at the expense of the multiply twinned seeds with assistance of bromide ions. 

However, the multiply twinned seeds can be formed in the growth stage at low reaction 

temperature which will produce Pt icosahedra. 77  

 
 

Figure 1.26. Diagrammatic cartoon of Pt nanocrystals with control over size and shape thru kinetics (the 

selection of metal precursors and shape directing agent, bromide ions) and thermodynamics (reaction 

temperature).77 
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 Controlling Pt-Based Bimetallic Nanoparticles: 

1.10.2.1 Alloy versus Core-Shell 

In the field of nanocatalysis, there are four common structures of bimetallic NPs namely, 

core–shell, alloy with randomly disordered metal atoms, intermetallic (with ordered 

metal atoms) and alloy with separation on the atomic level (Janus-like). Figure 1.27 

shows the above-mentioned common four structures of bimetallic nonstructured 

materials and its derivatives such as frames, cages and boxes.61 Mixing of two metals (M 

and N) can produce one of these structures depending on nature of the reaction. For 

example, alloy structure will be favored when (i) N-N and M-M bonds are weaker than 

the M-N bond, (ii) similar surface energies have been shared by the two metals and (iii) 

the two metals have identical lattice parameters such as crystal structure and lattice 

constant.78 A positive strain energy (γstrain) in the synthesized bimetallic M@N 

nanocrystals can be encouraged by the lattice mismatch, which commonly occurs 

between an adatom metal (N) and the core metal (M). The overall surface energy of 

core-shell bimetallic nanocrystals (Δγ) is defined in the following equation: 

∆𝛾𝛾 = 𝛾𝛾𝑁𝑁 + 𝛾𝛾𝑖𝑖 + 𝛾𝛾𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑖𝑖𝑇𝑇 − 𝛾𝛾𝑀𝑀 

where γ i is the interfacial energy of bimetallic M@N nanocrystals and γM and γN are the 

surface energies of metals M and N, respectively. So, in order to obtain a layer-by-layer 

growth of N atoms on M core (it is discussed in details in the synthetic methods section), 

a relatively small lattice mismatch (comparable d-spacing) between metals M and N is 

required which results in smaller values for the energies of γN, γ i, and γstrain than the 

surface energy of the core metal resulting in a negative total surface energy Δγ.79  
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Figure 1.27. Possible structures of bimetallic nanoparticles in literature.61 

Since 2000, a great interest from researchers to make core-shell nanostructure 

materials, typically denoted by M@N, has been steadily increased every year which is 

clearly indicated by the enourmous number of publications.80 Previous studies show 

that alloying or shelling the active nanoparticle material with another metal can result in 

improved catalytic performance over single metal particles, due to catalytic synergy and 

electronic effects.32,81-85 Core–shell nanocrystals are highly important because they can 

be utilized in a wide range of applications including catalysis, optics and 

medicine.32,81,82,86 The electrocatalytic process can be influenced by the topmost layers 

of atoms of the catalysts.87 Although core–shell bimetallic nanostructures have 

attracted considerable attention in recent years and substantial research contributions 

has been offered, designing core-shell bimetallic nanocatalysts is rationally still a 

challenging task.32 Therefore, core–shell structure fabrication would be necessary for 

improving the performance of nanocatalysts by controlling the shape of the core and 



62 
 

tuning the shell thickness. In fact, it was found that producing core-shell nanoparticles 

with controlled shell thicknesss is very appealing and useful for the following reasons: It 

can (i) improve the catalytic performance through electronic and strain effects, (ii) tune 

the optical properties, (iii) it can have an enhancement in chemical and thermal stability, 

(iv) be served as an important intermediate in the synthesis of the other types of 

structure (e.g., boxes and frames) and (v) advance the magnetic anisotropy.61  

1.10.2.2 Control in Pt-M (M= Ni, Cu, Co, Fe) 

Bimetallic nanocrystals preparation with controllable size, morphology and composition 

has been advanced and developed by the nanotechnology. For example, it is well-

established that catalytic activity and stability of bimetallic Pt-M electrocatalysts (M = 

Ni, Cu, Co, Fe) are highly dependent on their shape.24,88-90 Thus, it is of great importance 

to synthesize nanocrystals with high control over their shape and size. Several methods 

for preparing Pt-M nanoparticles are well-reported in literature. However, I will present 

here the wet chemical methods for preparing three shapes of Pt nanoalloys that were 

selectively controlled under specific reaction conditions. The first example is the work 

done by Zhang and Fang in which they used tungsten carbonyl [W(CO)6] as a source for 

carbon monoxide which is the reducing agent to produce cubic Pt3Co, Pt3Fe and Pt3Ni 

nanoparticles. Figure 1.28 shows the proposed growth mechanism for making Pt-M 

nanocubes where Pt2+ cations would be reduced and then formed seeds that eventually 

grow into cubes under the effect of oleylamine in stabilizing the {100}-facets.91 The 

other shape found by Sun et al. was the nanospheres. The method involved only one 
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liquid (oleylamine) that acted as solvent, surfactant and reducing agent at 300 °C. 

Consequently, monodisperse MPt (M =Fe, Co, Ni, Cu, Zn) nanospheres were produced 

by coreduction of Pt and M precursors in the presence of oleylamine and under reflux 

condtion.92 The last example illustrates the method called gas reducing agent in liquid 

solution (GRAILS) for preparing Pt nanoalloys (Pt−M, M = Co, Fe, Ni, Pd) as depicted in 

Figure 1.29. In this approach, the pure CO gas was used at certain flow rate with 

existence of Pt and M precursors and surfactant at fixed temperature (210 °C). The 

results show that the shape of Pt-M nanoparticles can be transformed from cubic to 

octahedral depending on the stabilizer used such as oleic acid, diphenyl ether and 

adamantaneacetic acid.90 The previous examples are the not the only shapes that were 

controlled for Pt-based nanocrystals; indeed, a wide range of shape-controlled Pt 

nanoalloys were synthesized under different conditions with and without carbon 

monoxide as reducing agent as shown in Table 1.6.24 

 

Figure 1.28. A cartoon showing the proposed growth mechanism for making Pt3M nanocubes (M = Ni, Co 

& Fe).91   
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Table 1.6. Synthesis Conditions of Pt−Ni Octahedra and their shape selectivity.24 

 

 

Figure 1.29. The synthesis of octahedral and cubic Pt-M nanoparticles.90 

 

1.11. Mono- and Bi-Metallic Nanoparticles in Catalysis 
 
Nanoparticles have attracted the interest of the scientists and researchers of different 

communities due to their magnificent physiochemical properties including optical, 

magnetic, electronic and catalytic. Due to the distinctive position of these nanocrystals 

as a bridge between atoms and bulk materials, the interest in them has been growing 
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sharply. In coming sections, the focus will be in the use of these metal nanomaterials in 

the field of catalysis. This unique property is greatly controlled by size, shape, 

composition and structure (alloy or core-shell) and crystal phase (fcc or hcp) of these 

nanoparticles.  

 Size and Shape Effects  
 
In electrocatalysis, the control over the shape and size is one of the crucial factors that 

can affect the activity or selectivity of nanocatalysts. Controlling the morphology would 

enable the exposure of selective and active surface facets towards a chemical reaction 

of interest.93,94 Figure 1.30 shows the catalytic activity of Pd nanoparticles towards the 

electro-oxidation of formic acid is dependent on their shape and displays a noteworthy 

example on how controlling the shape can be important for enhancing the overall 

catalytic performance. For Pd nanoparticles in the electro-oxidation of formic acid, 

{111}-surface facets are more active relative to {100}. A gradual decrease in the 

maximum current densities of formic acid over the Pd nanocrystals was observed as an 

increased exposure of {111}-facets relative to {100}-facets was gradually enabled by the 

different shapes which was changed from cubes to truncated cubes, cuboctahedra, 

truncated octahedra, and finally octahedral as shown in Figure 1.30 A.95 Also, shape-

dependency was shown for Pt nanoparticles towards the ORR. Low-index Pt cubes and 

cuboctachedra and high-index Pt concave cubes bounded by {720} facets were tested 

toward the ORR as shown Figure 1.30 B. The ORR specific activity of {111}-enclosed 

cuboctahedra was seen to be better than that of {100}-bounded cubes. However, the 
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{720}-enclosed concave cubic Pt nanoparticles were outperformed the low-index ones 

as well as the commercial Pt owing to their high-energy active sites including steps, 

kinks and edges.73 These two examples show the importance of having the control over 

the shape of such nanocrystals which greatly affect their electrocatalytic performance.  

The other factor that can have the effect on the activity and stablity of 

nanocatalysts is the size. As an example, the size dependence of Pt nanoparticles in the 

hydrogenation of pyrrole was explored as shown in Figure 1.31. The selectivity of Pt 

nanoparticles toward the production of n-butylamine and butane and ammonia was 

observed to be increased with the increase in the particle size. However, for the 

production of pyrrolidine, the relationship between the Pt particle size and their 

selectivity was found to be inversly propotional to each other.44  In another example, 

the relationship between the size of Pt-Ni and Pt-Co nanoalloys and their ORR mass 

activity was studied. A clear trend of an increase in mass activity with increasing particle 

size was observed in PtNi nanocrystals. Wherease, an oppisite senario was seen in the 

Pt-Co nanoparticles where a decrease in mass activity occurs with the increase in their 

particle size as shown in Figure 1.32. It was proposed that because of Pt−Pt bond 

distance, the segregation of metal phases, and the formation of surface oxygenated 

species, the increase and decrease in ORR mass activity of Pt-Ni and Pt-Co with increase 

in nanoparticle size was demonstrated.86  
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Figure 1.30. (A) Current densities of formic acid oxidation over Pd nanocrystals of different shapes. (B) ORR 

specific activities for Pt nanocrystals enclosed by low- and high-index facets, modified from ref 69 and 

91.73,95  

 

Figure 1.31. Hydrogenation network of pyrrole and selectivity of pyrrole hydrogenation of Pt nanocatalyst 

with different sizes. The colored lines resemble each product.44  
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Figure 1.32. Mass activity of size-selected Pt-M (Ni and Co)/C nanocatalysts toward ORR.86 

 

 Crystal Phase Influence (Au, Rh and Ru) 

Noble-metal nanocrystals with well-defined morphologies are of great interest to a wide 

range of applications especially catalysis due to their shape-dependent properties. For 

more than two decades, researchers have been devoting their efforts to the syntheses 

of noble-metals nanoparticles with well-controlled shapes.96,97 Size, shape, composition 

and crystal structure/phase determine the physical and chemical properties of noble 

metal nanostructures. Recently, the control over crystal structure of noble metal 

nanocrystals has attracted the interest of researchers and become a useful approach to 

adjust the unique properties of these metals. Nevertheless, the crystal phase-controlled 

synthesis still remains underdeveloped and uneasy task to carry out.98 

One of the factors that can greatly influence the final shape of the nanoparticle 

is the crystal structure of such a metal. Most noble metals, e.g. Au, Ag and Rh normally 

crystallize into face-centered cubic (fcc) except Ru and Os crystallize into hexagonal 

close-packed (hcp) structure in their bulk crystal as shown in Table 1.7. In the hexagonal 
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close packed (hcp) crystal structure, the growth rate in one dimensional with the c-axis 

being longer than that of the a and b axes. So, the growth would occur preferentially in 

one axis (the c-axis)99 (Figure 1.33 A) as compared to the face-centered cubic (fcc) 

structure where all three axes have identical growth rates (Figure 1.33 B). However, the 

surface energy governs the total free energy of the system when the size of these noble 

metals reduced down to the nanoscale.99-101 Consequently, noble metal nanomaterials 

may exhibit uncommon crystal structure from their bulk counterparts.98 For examples, 

Au, Ag and Rh have been recently synthesized with the hexagonal close-packed (hcp) 

crystal structure.98,101 Additionally, despite of the crystallization of the bulk Ru into the 

hcp crystal structure, fcc-type Ru nanoparticles were produced with different shapes 

such as cages, frames, cubes and icosahedra.96,97,100,102,103 Moreover, varying the 

experimental conditions such as temperature and pressure or modifying the surface of 

noble metal nanomaterials can modulate the crystal structure.98 

Table 1.7. Noble Metal’s Crystal Phase and Lattice Constant in their Bulk Form.104 
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Figure 1.33. The two common crystal phases for noble metal nanoparticles namely, (A) hexagonal close 

packed (hcp) and (B) face centred cubic (fcc).105 

Notably, modulating the crystal structures of noble metal nanocrystals can 

significantly change their functional properties.98 Recently, it was observed that the 

catalytic activity and stability of fcc-type Ru nanoparticles towards CO oxidation, 

hydrogen evolution reaction and ammonia borane is higher than that of the hcp-type Ru 

nanoparticles.9865,66 Moreover, the conventional fcc-type Ag nanowire showed high-

frequency electrical noise of several orders than that of the newly synthesized hcp-type 

Ag nanowire.106 Lastly, Au nanoribbons (NRBs) with hcp crystal phase showed from the 

simulated and observed EELS spectra that their optical response is very distinct to that 

of fcc-type Au.107 Therefore, the recent rise of crystal structure-controlled synthesis of 

noble metal nanomaterials besides size, morphology and composition-controlled 

syntheses, will open up new opportunities to further improve their physiochemical 

properties, and hence promote their potential applications in biology, catalysis and 

other fields.  
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 Alloyed and Core-Shell Structure in Catalysis 
 
Because the occurrence of low- and high-index facets or/and the ratio between edge 

and corner sites vary as the shape and the size of the nanocrystals changes, the 

response of each particle to the electrocatalytic reaction will be distinct.61,108,109 

Consequently, the size and the morphology of bimetallic nanocrystals are of great 

importance owing to their unique catalytic properties.110,111 For instance, Figure 1.34 

shows the effect of different shapes of Pt-Ni/C nanocatalysts including, for example, 

octahedra, icosahedra and frames, on their mass activity toward the ORR. Apparently, 

the octahedral structure is particularly important for the catalysts’ enchantment toward 

ORR activity.61,90,112-118  

 

Figure 1.34. Mass activity of morphology-controlled PtNi/C nanocatalysts toward ORR.61 

A recent study involving Pd@PtnL core-shell icosahedra (n= 0.7, 2.0, 2.7 and 4.8) 

shows the importance and effect of controlling the shell thickness on the ORR mass 

activity. It was observed that the highest ORR mass activity was achieved by the 

intermediate shell thickness n = 2.7.119 It is well established that a core-shell nanocrystal 

with a shell more than six atomic layers (or 1.5 nm) thick can lose the electronic 
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coupling between the topmost layer and the core and thus its shell-dependent catalytic 

activity will be gone.61 Additionally, a number of Pd@PtnL nanoparticles with different 

Pd cores’ shapes have been illustrated by Xia and co-workers. Figure 1.35 demonstrates 

the mass activity of cubic, octahedral, icosahedral and decahedral of Pd@PtnL 

nanocatalysts toward ORR in which Pt thickness was optimized.119  

 

Figure 1.35. ORR mass activity of morphology-controlled for Pd cores in Pd@PtnL nanocrystals with 

optimized shell thickness.61 

 

1.12. The Common Routes for Solution-Based Synthesis of Colloidal 

Nanocrystals 

The old fashion for preparing colloidal nanoparticles is referred to the use of round-

bottom flask when conducting the reactions. This method is still the most reputable and 

used in the synthesis of nanoparticles. However, the introduction of flow chemistry in 

the synthesis of nanocrystals has changed the design and production of the 

nanocrystals. Here, batch and continuous-flow reactors will be discussed to give an 

insight into their functions and their advantages and drawbacks.     
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 Batch Synthesis: 

Conventional batchwise methods have long been the only choice for the nanosynthesis. 

Through these methods, the synthetic chemistry of nanomaterials have greatly 

developed and advanced.120 Enormous number of reactions for producing 

nanomaterials have taken place in a batch flask.121 Figure 1.36 shows the typical round 

bottom flask as reactor for making colloidal nanocrystals.122 Chemical synthesis in a 

round-bottom flask has held a special position in the synthesis of nanoparticles where to 

date most of the publications of newly developed nanomaterials are based on the flask-

based synthesis. Although round-bottom flasks are suitable for the generation of fine 

chemicals, these reactors have several drawbacks associated with large scale processing, 

heat and mass transportation and higher temperature reactions.123,124  

 
Figure 1.36. Schematic illustration of a conventional batch synthesis set-up.122 
 

 Continuous-Flow Synthesis: 

Recently, continuous-flow methods have gained interest for the production of 

nanomaterials as they show several advantages over the batch and offer a degree of 

flexibility to transform the nanomaterials from the laboratory to an industrial 

scale.120,125-143 The nanoparticle batch-based systems are inherently difficult to be 
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scaled-up because of the sensitivity of their growth kinetics towards changes in the 

experimental parameters including the way the reagents are introduced, and how the 

temperature varies across the reaction volume. Moreover, the reproducibility of the 

batch synthesis is challenging and a difficult task. Besides, the typical reaction time in 

batch synthesis can be from hours to days. As a result, as-synthesized nanomaterials in 

batch would not be prepared in a commercial amount which cannot be delivered to 

their end-users.121,144  

Hence, the continuous-flow synthesis has made these challenges to be overcome 

by fixing the reaction volume for scalable experiments, mixing reagents in a controlled 

manner, using coil reactors to assure having uniform heat across the solution and 

drastically reducing the overall reaction time, in many cases, down to minutes from 

hours or days. Additionally, the flow reactor synthesis offers many advantages over the 

batch one including uniform mass transport, low utilization of chemicals during the 

optimization process and to use safely unpleasant chemicals. The continuous-flow 

system can pave the way to conduct reactions in solvents with low boiling points such as 

toluene. On top of all that and most importantly, this novel method can provide the 

kilograms of product per day levels demanded by industry.145,146 High purity and 

immediate delivery can be realized when using continuous-flow chemistry. 

Recently, the use of continuous-flow synthesis has shown great promise in 

overcoming these previously mentioned challenges for photovoltaic quantum dots, 

perovskite nanocrystals and metals such as silver and gold and oxides nanoparticles as 

well as metal nanoclusters.122,125,135,141,143,147-151 In 2002, Andrew J. deMello and co-
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workers firstly proposed the use of microfluidic reactors for nanocrystal synthesis. This 

method offers many advantages over the batch synthesis including uniform chemical 

environment and heat distribution. Moreover, aggregation or Ostwald ripening 

(coalescence) of the newly formed nanocrystals would not be favored when conducting 

the synthesis in a continuous-flow format. However, the quality of nanocrystals is still 

not better than the ones produced from the batch.148 

Flow reactors for nanoparticle synthesis are categorized into two main concepts: 

capillary- and chip-based systems. The structure of the capillary reactors is generally 

simple and easy to be fabricated. It uses simple tubing with appropriate lengths to join 

the fluidic components. Chips are generally made from a plastic, glass or silicon 

substrate and can be fabricated to match specific requirements of the reaction. Also, 

heating, mixing, cooling and reagents addition can be incorporated into single device 

(chip). Good effect in nanoparticles synthesis has been observed when using any of 

these reactors. However, each reactor has its own advantages and drawbacks.133,152-154 

Therefore, the selection which type of a reactor you should take is largely a matter of 

reaction conditions.128  

There are three common types of fluid flow in the reactor namely, single-phase 

continuous flow, segmented or “slug” flow, and droplet flow. Single-phase reactors are 

the most selected ones to date, in which two or more miscible reagents streams are 

injected into a mixer where they mix and then flow into a preheated channel or capillary 

where they react as shown in Figure 1.37 (A). Single-phase reactors offer many 

advantages such as high degree of synthetic flexibility, tolerating a wide range of flow 
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rates and solvents and conducting multistep reactions which can form more complex 

nanostructures.16 However, the deposition of unreacted metal precursors and/or 

product on the wall of reactor can lead to blockage.  The other two types of fluid flow 

overcome the above-mentioned disadvantage of single-phase reactors. Figure 1.37 (b) 

and (c) shows the benefit of using an additional immiscible a gas or a liquid fluid where a 

succession of individual “slugs” or “droplets” of reaction mixture would be formed and 

pass through the reactor at a similar speed.128 

  

Figure 1.37. Schematic illustration of three common types of fluid flow in the reactor for nanocrystal 

synthesis: (A) single-phase continuous flow, (B) segmented or “slug” flow, and (C) droplet flow, modified 

from ref 126.128 

High temperatures are needed in most of the metal nanoparticles batch 

reactions which means using high boiling point solvents. However, supercritical 

conditions can be an effective alternative in which flow reactions can use common 

solvents with low boiling point under their supercritical conditions using a back-pressure 

regulator. In this way, higher reaction temperatures can be reached. Supercritical 

conditions have been shown to create quantum dots with narrower emission line-
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widths and size distributions when using supercritical hexane than non-supercritical 

squalene.155  
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Chapter 2 : Characterization Techniques and Experimental Methodology 

Owing to the critical role of the experimental tools in characterizing the metal 

nanoparticles, an introduction of these characterization tools is provided including their 

basic theory and uses. These characterization methods can be classified by their 

observation and measurement. There are four main measurements of metal 

nanoparticles: (i) surface analysis, (ii) composition analysis, (iii) structure (morphology) 

analysis, (iv) crystal structure analysis. In addition, electrochemical methods were used 

to measure the electrochemical properties of metal nanoparticles. Some examples of 

the characterization tools are inductively coupled plasma atomic emission spectroscopy 

(ICP-OES), X-ray diffraction (XRD), X-ray photoelectron spectroscopy-depth profiling 

(XPS), transmission electron microscopy (TEM), high-angle annular dark field scanning 

TEM (HAADF-STEM), and cyclic voltammetry (CV). Mono- and Bi-metallic nanocrystals 

are characterized by a similar variety of experimental techniques. Nevertheless, the 

analyses of mixed-metal nanoparticles are more difficult than those of single metal ones 

because of their complex morphology and necessity to understand where each of the 

metals are in the structure. Hence, a careful and precise characterization of bimetallic 

nanocrystals makes it a complicated task and often involves several types of 

characterization methods to complement each other. 
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2.1. Techniques for Structural (Morphological) Analysis 

 Transmission Electron Microscope (TEM) and its Main Acquisition 

Modes 

TEM and high-resolution TEM (HRTEM) are the most commonly used techniques to 

characterize the morphologies of metallic nanostructures. It can be utilized to visualize 

the size, shape, structure, and dispersity of metallic nanomaterials. The working 

principle of TEM is similar to the light microscope, except that TEM uses an electron 

beam instead of light to investigate the samples. Electron beams can exhibit 

wavelengths that are 10,000 times smaller than visible light, which makes it possible to 

get a much better resolution images.156 In the TEM imaging process, the high-energy 

electron beam is focused by electromagnetic lens system, and transmitted through the 

sample holder where the sample is placed. Then, the transmitted beam from the sample 

is magnified and focused by projection lens and appears on the imaging mode.157,158  

Figure 2.1 shows the basic components of typical TEM instrument.159 A resolution below 

0.5 Å with high sensitivity to individual atoms of the imaging of samples can be achieved 

by HRTEM. This resolution can be limited by three common contributors such as 

spherical aberration, chromatic aberration, and astigmatism. For example, stigmatism is 

where the beam shape is deviated from cylindrical due to imperfections in the 

electromagnetic coils in the microscope.160 All in all, TEM is an indispensable tool that 

provides not only an image of nanomaterials but also the information about the size, 

shape, crystal structure, electronic state, and chemical composition in nanomaterials by 
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using its acquisition modes such as electron energy loss spectroscopy (EELS), energy 

dispersive X-ray (EDS) spectrocopy, selected area electron diffraction (SAED) and 

tomography which will be introduced in the following section.156  

 

Figure 2.1. Schematic representation of the configuration of electron microscopy instrument.159 

In our work, the TEM characterization was carried out on a transmission electron 

microscope (from FEI Company of Model Titan 80-300 ST) equipped with an extra-

brightness field emission gun (x-FEG). Moreover, TEM was carried out by operating the 

scope at an accelerating voltage of 300 kV and in BF-TEM and HRTEM modes. The 

nanoparticle size distributions were measured by considering over 500 particles. It is 

important to note that for the TEM measurements, the samples were drop-cast on a 

400 square mesh copper grid that was pre-coated with a thin carbon film.  
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 High Angle Annular Dark Field Scanning TEM (HAADF-STEM) 

Conventional TEM usually utilizes bright field contrast for imaging a sample as shown in 

Figure 2.2 a. However, bright field contrast might be incompatible to extract more 

details for some materials which have non-monotonic contrast such as bimetallic 

nanocrystals. For this type of material, contrast mechanism generated by HAADF-STEM 

can be used to obtain a better image. High-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) is a STEM method which utilizes 

inelastically scattered electrons at high angles using an annular dark-field detector as 

illustrated in Figure 2.2. At high angles, the scattering cross section of inelastically 

scattered electrons is low; therefore, it will minimize multiple scattering and 

interference effect of electrons, results in more detailed contrast images. HAADF image 

intensity is reported to be proportional to a square of the atomic number (Z2), where 

heavier atoms are observed brighter than the lighter one (Figure 2.2 b). The resolution 

of the HAADF image is determined by the incident probe diameter on the specimen. A 

high-performance STEM instrument provides a resolution better than 0.05 nm. 157  
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Figure 2.2. Schematic illustration showing the difference in the instruments set-up for (a) TEM and its 

bright field image and (b) STEM and its dark field image.157 

In our study, high-resolution high-angle annular dark field STEM (HAADF-STEM) analysis 

of the samples was performed on a Titan 80-300 ST operating at 300 kV and equipped 

with a spherical aberration corrector (Cs-Corrector) for the probe. The Cs-corrector was 

aligned each time such that its third-order spherical aberration coefficient (C3) was less 

than a micron. The core-shell formation and alloy formation in the Pt-M (M = Ru, Cu, Ni) 

samples were investigated using the STEM-EDS spectrum imaging (SI) technique. SI 

datasets were acquired using a pixel size of 0.4 nm and a dwell time of 1 second. Finally, 

the Pt, Ru, Ni and Cu maps were generated using the Pt-L peak (9.44 keV), Ru-L peak 
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(2.56 keV), Ni-K peak (7.47 KeV) and Cu-K peak (8.03 KeV) in the SI datasets, 

respectively. 

2.1.3 Tomography  

Figure 2.3 illustrates how electron tomography works. Two steps are required to obtain 

a 3D image of an object (tomogram). First, 2D HAADF-images will be acquired at various 

tilts (± 70-80ᵒ) at specific zone of a sample. Last step is to reconstruct a 3D image via a 

back-projection algorithm (inverse Radon transform). Three parameters can affect the 

quality of tomograms which are: the angular range of imagining of the object, the 

signal/noise ratio, and the alignment of the images.157 

 

Figure 2.3. Schematic illustration of electron tomography showing the reconstruction of the 3D object 
through the 2D images.158 

For our study, HAADF-STEM tomography was conducted at different angles taken from -

75˚  to 75˚  and from -70˚  to 70˚  for the nanoparticles synthesized with PtCl4 and CuCl2 

and with PtBr4 and CuBr2, respectively. Inspect3D was utlized to to align and reconstruc 

the acquired data, and the simultaneous iterative reconstruction technique (SIRT) was 
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used to generate the volume. Finally, Avizo-Fire software was used to apply the volume-

rendering technique to the obtained tomograms for 3-dimensional (3D) shape analysis.    

2.2. Techniques for Crystal Structural Analysis 

2.2.1 X-Ray Diffraction (XRD) 

XRD is a technique to characterize the crystal structure, grain size, and preferred 

orientation in crystalline and some amorphous powder materials. In a typical XRD 

measurement, a monochromatic X-ray from an X-ray source is directed onto a sample 

and the interaction between the X-rays and the crystal planes of the sample will result in 

particular diffraction as shown in Figure 2.4. XRD machine usually consists of X-ray 

source, goniometer, sample holder and detector. By measuring the intensity of the 

scattered X-ray beam as a function of incident and scattered angle as shown, a spectrum 

will be obtained. Two information of a particular crystalline material can be analyzed 

from the spectrum, the peak positions (corresponds to the lattice spacing) and the 

relative intensity of the peaks. According to Bragg’s law,  

                                 2𝑑𝑑 (sin𝜃𝜃) = 𝜆𝜆0                                              

Where, d is lattice interplanar spacing of the crystal, 𝜃𝜃 is x-ray incidence angle, and λ is 

wavelength of the x-ray source (e.g. CuKα = 1.54Å). 

XRD is also useful in size measurement of structural nanocrystalline materials using 

Scherrer equation as defined in the equation below. The Scherrer equation is a formula 

that relates the size of sub-micrometer crystallites to the broadening of a peak in a 
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diffraction pattern. It can determine the size of crystalline nanoparticles in powder 

samples. Scherrer equation is defined as follows: 

 𝜏𝜏 =  𝐾𝐾𝐾𝐾
𝛽𝛽𝛽𝛽𝛽𝛽𝑠𝑠𝛽𝛽

                               

Where τ is the size of crystallites, λ is the wavenlength of the x-ray source utilized, β is 

the corrected full width half maximum of the peak without any broadening. 𝛳𝛳 is the 

Bragg’s angle and K is the shape factor which is a constant given a value of 0.9 for a 

spherical particle.161 

 
Figure 2.4. Illustration of the principle of Bragg’s law.161 

For all nanoparticles systems, the powder XRD Bruker D8 Advance instrument using Cu 

Ka radiation (1.54 Å) as the X-ray source was utilized to perform all the XRD 

measurements. The nanoparticles were drop-cast onto zero-background silicon plates. 

The diameter of these particles was determined from the XRD profiles using Scherrer’s 

formula32. 
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 Selected Area Electron Diffraction (SAED) 

Selected area electron diffraction (SAED) is a TEM technique that uses scattering of the 

electron beam from the sample lattice to obtain diffraction patterns. According to the 

Bragg’s law, the electrons are scattered elastically by the lattice. Using the Bragg’s 

equation and combining with geometric relationship in the reciprocal space of the 

crystal, the diffraction spots in the pattern can be indexed to identify the phases and the 

structures of the sample. This relationship in the reciprocal space can be defined as: 

2 Sin𝜃𝜃 =
𝜆𝜆
𝑑𝑑

 =  
𝐷𝐷
𝐿𝐿

 

where, D is the distance between spots on the SAED pattern and L is the camera length. 

Figure 2.5a and Figure 2.5 b show the example of SAED and the bright field TEM image 

along with the instruments set-up needed, respectively. From an SAED pattern, the 

structural information of the sample can be obtained, such as crystalline symmetry, unit 

cell parameter and space group.157  
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Figure 2.5. Schematic illustration showing the difference in the device set-up between (a) diffraction 

mode (acquiring SAED) and (b) image mode (acquiring TEM-image).157 

 Electron Energy Loss Spectroscopy (EELS)  

Electron energy loss spectroscopy in spectrum imaging mode (EELS SI) is a powerful 

technique that combines the imaging and analytical capabilities. Two steps will be 

carried out to obtain an EELS spectrum as shown in Figure 2.6. The first step is to record 

a STEM image of the particles. Then, as a second step, the same area of the sample will 

be scanned at each pixel and pre-determined dwell time. Consequently, the result will 

be collected which is the electron energy loss spectrum. This spectrum can provide 

physical and chemical information of each point of the image. Thus, EELS is a widely 
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used technique because of its great contribution in detecting the existence of an 

element in a defined point of a particle.157 

 
Figure 2.6. Typical EELS spectrum for Cu and O ionization edges nanoparticle where energy loss is 

measured as function of intensity.159  

 

2.3. Techniques for Composition Analysis: 

 Energy-Dispersive X-Ray (EDX) Spectroscopy 

Energy-dispersive X-ray spectroscopy is one of the most common techniques that can 

provide a compositional information of the sample. It can be abbreviated as EDX, EDS, 

or EDAX. Basically, it works on the characteristic X-ray lines of each elements. When the 

specimen is exposed with a beam of electrons, an electron from inner shell of an 

element will be removed and another electron from higher state will fill the vacancy 

which will release the energy difference in the form of X-rays. Thus, depending on the 

composition of each element, the energy of emitted X-rays can be distinctive. The 

resulting spectrum obtained from EDX technique relates the intensity of elements to 
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their characteristic X-ray energy (keV) which can be used to identify and quantify the 

element concentration in the sample. For example; in bimetallic nanoparticles, EDS is 

very fast characterization method to know the composition and ratio of the two metals 

present in the nanoparticles. SEM and TEM are equipped with EDAX system which 

makes it one of the most common features of these instruments. Different scanning 

modes for EDX such as spot, linear, or mapping scan can be used to analyze the 

composition with the morphology of the nanoparticles simultaneously. 156  

For the whole study, the elemental composition and map ratios were obtained via 

energy dispersive X-ray spectroscopy (EDS) from EDAX, Inc. Before EDS acquisition, the 

stage was tilted to an optimized position of +14 degrees. The composition was 

determined by energy dispersive X-ray spectroscopy (EDS) using the Pt-L peak (9.44 

keV), Ru-K peak (19.23 keV), Ni-K peak (7.47 KeV) and Cu-K peak (8.03 KeV). 

 Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 
 
ICP-OES is a sensitive analytical technique for identification and quantification of 

elements in a sample. The detection limits typically range from parts per million (ppm) 

to parts per billion (ppb), depending on the element and the setup of the instrument.  In 

ICP-OES, a liquid sample is converted into aerosol in a nebulizer. The aerosol is collected 

in spray chamber which will be transferred into argon gas plasma contained by a strong 

magnetic field. In the plasma torch, the elements in the sample become excited and 

then they return to ground state and emit energy at a specific wavelength 

corresponding to the specific element. The emitted light is then measured by optical 
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spectrometry (detector). Because each element emits energy at multiple wavelengths, 

grating is used to select a single wavelength (or a very few wavelength) for a specific 

element. The intensity of the energy emitted at the chosen wavelength is proportional 

to the concentration of that element in the sample being analyzed. Using this technique, 

elements in the sample can be qualitatively and quantitatively examined by determining 

which wavelengths are emitted by a sample and their intensities.156  

For our systems, ICP-OES measurements were performed on Varian 720-ES ICP-optical 

emission spectrometer. 

2.4. Techniques for Surface Analysis 

 X-ray Photoelectron Spectroscopy (XPS) Depth Profiling 

Figure 2.7 A shows the overall process of XPS depth profiling, where noble gas ions such 

as Ar+ with 0.5-6 KeV energy are bombarded and sputtered the surface of the thin film 

of nanoparticles which leads to an ejection of the atoms of the first layer. Then, layer by 

layer removal is undergoing with respect to time by continuous sputtering.162 The result 

of this process will provide information of elements intensity as a function of sputtering 

(etching) time as illustrated in Figure 2.7 B.   



91 
 

 
Figure 2.7. Schematic illustration of A) typical XPS Depth profiling technique and B) The result of depth 

profiling process which correlates the sputtering time to intensity of each element.163 

For this study, the XPS experiments were carried out using a PHI VersaProbe II 

instrument equipped with a monochromatic Al Kα source.  The instrument base 

pressure was approximately 8 × 10–10 Torr.  The X-ray power was 25 W at 15 keV for all 

the experiments with a 100-micron beam size at an X-ray incidence and take off angles 

of 45°.  The instrument work function was calibrated to yield a binding energy (BE) of 

84.0 eV for the Au 4f7/2 line for metallic gold, and the spectrometer dispersion was 

adjusted to yield binding energies of 284.8 eV, 932.7 eV and 368.3 eV for the C 1s line of 

the adventitious (aliphatic) carbon on the non-sputtered samples as well as the Cu 2p3/2 

and Ag 3d5/2 photoemission lines, respectively. A PHI dual charge compensation system 

was used on all the samples. The ultimate VersaProbe II instrumental resolution was 

determined to be better than 0.125 eV using the Fermi edge of the valence band of 

metallic silver.  All the XPS spectra were recorded using PHI software SMARTSoft VP v2.3 

and processed using PHI MultiPack v9.3 and/or CasaXPS v.2.3.14.  The Shirley 

background was subtracted for the signal above the background measurement.  The 

samples were prepared by drop-casting suspensions of nanoparticles on a Si substrate. 
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Five or six locations on the mounted sample were examined. The profiling of the 

nanoparticles supported on a Si substrate was performed by subjecting the sample to 

Ar+ sputtering and monitoring the Pt 4f, Ru 3p3/2 and C 1s core level peaks as a function 

of time. 

 UV-Vis Absorption Spectroscopy 

UV-Vis absorption spectroscopy is a spectroscopic technique to measure the absorbance 

of light radiation when interact with sample. The technique measures the absorbance as 

a function of wavelength (frequency). This technique can be used to determine the 

presence of particular substance in a sample and also to measure its quantity. When 

light is incident on a sample, it can be absorbed (A), scattered (S) or transmitted (T). 

However, in absorption measurement, it is assumed that scattering is zero (A+T=1). It 

means that all light which is not detected by detector is absorbed by the sample. 

Absorption occurs when the light frequency matches the frequency of molecular 

vibrations or transition in energy-level states within the molecules in the sample. The 

higher concentration of the molecule in the sample, more chances that a photon will be 

absorbed. Furthermore, the probability of absorption also increases linearly with the 

path length. These relationships are known as Beer-Lambert law: 

𝐴𝐴(𝜆𝜆) =  𝜀𝜀(𝜆𝜆) ∗ 𝑐𝑐 ∗ 𝑇𝑇 

where, A(λ) is the absorption of the solution as a function of wavelength, ε(λ) is the molar 

absorptivity or extinction coefficient of the absorbing molecule as a function of 
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wavelength (in L/mol·cm), c is the concentration of the solution (in mol/L) and 𝑇𝑇 is the 

pathlength traveled by light through the solution (in cm). 

Practically, to determine the absorbance, the transmission through the sample is 

measured. As mention before, with assumptions that scattering is zero, A= 1-T. 

Transmission can be quantified as the ratio between transmitted intensity (I) and the 

incident intensity (I0), which inversely proportional to the path length and concentration 

of the sample. Therefore, 

𝑇𝑇 =  
𝐼𝐼
𝐼𝐼0

= 𝑒𝑒−𝜀𝜀∗𝑐𝑐∗𝐿𝐿 

By multiplying each side with (-log10), we obtain:164 

− log𝑇𝑇 =  𝜀𝜀(𝜆𝜆) ∗ 𝑐𝑐 ∗ 𝐿𝐿 = 𝐴𝐴(𝜆𝜆) 

In the whole work and only for metal precursors, the UV/Vis spectra were measured in 

toluene in a quartz cuvette with a Jaz Oceanic Optics instrument (DH-2000-BAL as the 

light source).  

 
Figure 2.8. Schematic illustration of incident intensity (I0) and transmitted light intensity (I) as a function 

of the sample concentration (c) and the path length (L). 
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2.5. Electrochemistry Characterization 

 Cyclic Voltammetry (CV) and Chronoamperometry (CA) 

Activity and durability are the two most important electrochemical properties of 

metallic nanoparticles electrocatalyst. The common electrochemical methods used to 

probe the electrocatalytic activity and stability are cyclic voltammetry (CV) and 

chronoamperometry (CA), respectively. Cyclic voltammetry is a reversal technique 

which can measure the redox processes and catalytic activity of systems on the working 

electrode by showing magnitude and shifts in peaks. It functions when an applied 

potential on the working electrode at a fixed scan rate is cycled between two voltages 

(V1 and V2). The outcomes of CV measurements are typically known as a 

voltammograms, where the current density (i, mA/cm2) is a function of the applied 

potential (E, V vs. RHE) which produces a peaked current-potential curve like as shown 

in Figure 2.9. Electrochemical properties can be extracted or analyzed from that 

voltammogram. For the stability test, the repetitive cyclic voltammetry and 

chronoamperometry serve the same purpose which is to investigate the ageing 

properties of electrocatalysts. The change in the current density of electrocatalyst 

before and after hundreds of scan cycles (Figure 2.12) can provide an important 

information about its stability along with the chronoamperometry (CA), where a change 

in the current (A) is monitored as function of time (s) at a fixed potential (Figure 2.10). 

So, the CA can provide the current loss of OER or ORR catalysts after long-term test 

which is an indicative of losing the active sites of the electrocatalyst.165    



95 
 

 

Figure 2.9. A typical cyclic voltammogram obtained for a reversible single electrode transfer reaction, E is 
the potential and i is the current.166  

 
Figure 2.10. Typical chronoamperometric (current-time) curve for electrocatalyst.167 

 The Crucial Values Obtained from the CV. 

2.5.2.1. Onset Potential (Eonset, V vs. RHE), Mass Activity (A/g) and Tafel 

Slope (b, mV dec-1) 

Figure 2.12 shows the typical polarization curve for water oxidation (or OER) of such 

electrocatalyst where useful information namely, Eonset and E10 were indicated. Eonset 

represents the potential at which the current starts shooting up sharply and E10 is the 

potential required for a current density of 10.0 mA cm−2 (per geometric area or catalyst 
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loading).168 Also, two most important parameters for measuring the activity and kinetics 

of electrocatalysts, which can be obtained from Figure 2.12, are the mass activity and 

Tafel slope. Tafel slope is a useful parameter for estimating the electrocataltyic kinetics 

of a system. Tafel slope (b) can be generated from a plot of log (i) vs. overpotential (η), 

so-called a Tafel plot as shown in Figure 2.11. The Tafel equation is described as follows: 

η = a + b log (i). The slope determines how sensitive the reaction rate changes with 

electrode potential and its unit is (mV per decade of current, dec). It is well-established 

that the smaller (slighter) the slope is, the better the electrode kinetics will be. With a 

smaller overpotential (η) change, the current density (i) can increase faster (i.e., faster 

reaction rate constant), which suggests good electrocatalytic kinetics. Also, It can offer 

valuable and insightful information into the reaction mechanism illustrating the rate-

determining step.169  

 
Figure 2.11. In the Tafel plot, the exchange current density (i0) could be obtained by extrapolating the 

curve to η = 0.169 

The other activity parameter is mass activity (A/g) where the current value normalized 

by the catalyst (metal) mass. This parameter has been particularly chosen in our study 
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because it is the most selected parameter for determining the activity of such 

electrocatalysts combined with the Tafel slope. The other activity parameters such as 

specific activity or roughness factor, where the current value normalized by the 

geometric area, roughness factor, or catalyst surface area have not been good 

candidates as the activity parameter for the following reasons: (i) different potential 

values at current densities with geometric surface normalization of the same material 

can be obtained depending on the catalyst loading, (ii) the evaluation of the 

electrochemical active sites is still an issue for the calculation of the roughness factor 

which makes the turnover frequency (TOF) not a good activity parameter, (iii) the 

current normalized by the electrochemically active surface area (i.e., the specific 

activity) is not yet experimentally accurate and (iv) the potential measured at a current 

normalised by the surface area of the catalyst using Brunauer– Emmett–Teller (BET) 

would fail in comparing catalysts with different surface densities of active sites. 

Therefore, at present, it is well believed that the mass activity represents the activity 

parameter least influenced by experimental inaccuracies along with the Tafel slope.170 In 

order to compare the activity of different catalysts, it is well established and accepted to 

consider the kinetic current at 0.9 V (RHE) as an activity parameter for the oxygen 

reduction reaction (ORR), where the effects of mass transfer are not significant.24,26,171-

173 In the case of OER, it is being accepted that the potential value measured at 10 A 

gmetal−1  or mass activity value measured at 0.28 V (RHE) can be used as activity 

parameter.4,27,170,174 Consequently, the Calculation method used in this thesis is as 

follows: the estimated values of Ru mass activity (A/gRu) of all catalysts were calculated 
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from Ru loading (mgRu cm-2) and measured current density (mA cm-2) at overpotential 

(η) = 0.28 V vs. NHE by using this formula: mass activity = Ru loading/current density. 

From EDS (Table 2), we assume that Ru atoms% is approximately 40% for all platinum-

ruthenium catalysts. Based on that we calculated Ru loading by using this equation= 0.4 

× 30 µg = 12 µg. For pure Ru nanoparticles, the loading is 30 µg.  

 

 

Figure 2.12. Schematic diagram of typical polarization curve for OER of electrocatalyst. 1.23 V vs. RHE is the 

thermodynamic potential, and Eonset and E10 are the potentials where the current bursts with a rapid rise and reaches 

10 mA, respectively.168 

2.5.2.2. Overpotential (η, mV vs. RHE) 

Ideally, the value of potential of the reaction at equilibrium should be equal to the 

applied potential for driving the kinetics of such reaction. However, in real application, 

the applied potential normally is much higher than that at equilibrium. This is because of 

the electrode kinetic barrier of such system that needs to be overcome. Generally, the 
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overpotential (η) may be taken at a current density equal to 10 mA cm-2 and can be 

obtained from this equation for the OER and ORR:169 

η = E – EᵒO2/H2O = E – 1.23 V vs. RHE 

where E = EAg/AgCl + 0.059 pH + E°Ag/AgCl and E°Ag/AgCl = 0.197 V for Ag/AgCl electrode and 

pH = 1 for HClO4 solution.  

2.5.2.3. Reversible hydrogen electrode (RHE) 

With the same pH value for whole system, the potential of a Pt electrode at which the 

oxidation of H2 and the reduction of H+ occur reversibly in a solution, is the most 

suitable reference electrode for electrocataytic measurements. When the potentials vs. 

RHE measured at pH = 0, the potential can be referred to the normal hydrogen 

electrode (NHE), (V vs. NHE).175 The following is the potential conversion from NHE to 

RHE scale and vice versa: 

ENHE= EAg/AgCl + 0.059 pH + E°Ag/AgCl (E°Ag/AgCl = 0.197 V) 

ERHE= ENHE + 0.059 pH where pH = 1 when using 0.1 M HClO4 

 The Standard Set-Up 

The set-up used for electrochemical measurements is called the three-electrode 

electrochemical cell as shown in Figure 2.13. These electrodes are a working electrode, 

a counter (auxiliary) electrode and a reference electrode. The reference electrode 

composed of a redox couple in equilibrium such as Ag/AgCl, Ag + Cl2 ↔ AgCl. This 

electrode is used to measure and control the applied potential on the working 

electrode. The catalytic activity of the counter electrode will be isolated from the 
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working electrode when using a reference electrode which helps to obtain an accurate 

result of the activity. The resulted potentials can be reported using the Standard 

Hydrogen Electrode (SHE) or Reversible Hydrogen Electrode (RHE) scale. The standard 

hydrogen electrode scale is based on the equilibrium (thermodynamic) potential which 

is a zero voltage for the hydrogen evolution reaction (HER) at standard conditions on a 

Pt electrode. For RHE, the influence of pH is also taken into consideration which means 

an addition of 59 mV per pH increase will be included. The counter electrode is used to 

control and measure the flow current across itself and working electrode. An example of 

counter electrode and working electrode is Pt wire and conductive fluorine-doped tin 

oxide (FTO), respectively.21 

 

 
Figure 2.13. Schematic cartoon showing the standard experimental set-up for three-electrode 

electrochemical cell.21 

In our work, the electrodes were prepared using 30 µL of a toluene solution containing 

1 mg/ml of the nanoparticles, which was dropped onto a conductive fluorine-doped tin 

oxide (FTO) glass (1 cm X 2 cm). Then, the samples were annealed at 400 °C for 30 
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minutes. Prior to use, the conductive FTO glass, which was obtained from Sigma-Aldrich, 

were sonicated and washed with water, methanol, isopropanol and acetone (each for 

15 min) and then dried in air. The exposed electrode area was 1 cm2. The voltammetric 

measurements were carried out using a Reference 3000 Potentiostat obtained from 

Gamry Instruments. A custom-made glassy electrochemical cell was assembled with an 

Ag/AgCl (in 3 M KCl, aq.) reference electrode and a Pt coil counter electrode. The 

prepared PtRu/FTO electrode was used as the working electrode. 0.1 M HClO4 and 

H2SO4 solutions were bubbled with nitrogen (N2) for 5 minutes before each 

measurement and protected with a nitrogen atmosphere during the entire experimental 

procedure. All the electrochemical measurements were carried out at room 

temperature. All the electrode potentials in the current study were referenced to the 

normal hydrogen electrode (NHE). Cyclic voltammograms (CV) were recorded at a scan 

rate of 50 mV/s from -0.05 V to 1.45 V (vs. NHE) with a 10 mV step size. Each CV 

corresponds to the fifth scan of five successive cyclic scans. For the stability test, only a 

0.1 M HClO4 solution was used, and the CV was recorded at a scan rate of 100 mV/s 

from 0.8 V to 1.45 V (vs. NHE) with a 25 mV step size. For these tests, we compare the 

current density of all the nanoparticles at 1.45 V (vs. NHE). 
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2.6. The Hydrolysis of Ammonia Borane Experiment and Turn Over 
Frequency (TOF) Calculation.  

 Dehydrogenation of Ammonia Borane 

The reaction was performed in aqueous suspension, at room temperature (~23 oC), and 

under one atmosphere of pressure. In a typical experiment, 4 mL of ammonia borane 

aqueous solution (0.062 g) and 1 mL of an aqueous suspension of 0.01 g Ru/C 

nanocatalyst (branched, faceted and spherical, 2 wt% Ru element) were consecutively 

added into a 50 mL three-neck flask kept at room temperature (~ 23 oC) under magnetic 

stirring, with one of the openings connected to a gas burette. The volume of hydrogen 

produced from the flask at different reaction time was recorded using the gas burette 

readings.  

  Calculation of Moles of Hydrogen Produced and TOF 

The number of moles of hydrogen (n) could be calculated from the volume of hydrogen 

(V) according to the ideal gas law PV = nRT (P: absolute gas pressure; R: ideal gas 

constant; T: absolute temperature). n will then be used to calculate the turnover 

frequency (mol H2 sec-1 (mol Ru)-1). 

nRu = (0.02 x 0.01 g) / (101.07) g mol-1 = 0.000002 mol 

nH2 = (1 atm x volume produced L) / [(0.082) atm L K-1  mol-1  x 296.15 K] 

Time = 30 minutes  



103 
 

2.7. The Method Used for the Synthesis of All Nanocatalysts 

 The Standard Synthesis of Pt-Ni and Pt-Cu Nanoalloys 

2.7.1.1. The Use of Carbon Monoxide from W(CO)6 as Reducing Agent 

A flow reactor device obtained from Uniqsis Ltd. (FlowSyn Multi X) was fitted with a 30 

mL Teflon-coated stainless steel coil reactor and a 10 bar inert back pressure regulator. 

This flow reactor device has two pumps (i.e., A and B) as shown in Figure 2.14. Pump “A” 

streamed a solution of platinum precursor (0.01 mol L-1), nickel and/or copper precursor 

(0.01 mol L-1), 1-adamantane carboxylic acid (0.02 mol L-1), and oleylamine (0.2 mol L-1) 

in toluene. Pump “B” was set to drive another stream of W(CO)6 (0.03 mol L-1) in 

toluene.  The two solutions used were not degassed. Both pumps were set to a flow rate 

of 2.0 mL/min. Once the pressure stabilized, the pumps were started. The two streams 

entered a mixing zone and then continued through the preheated and pressurized coil 

reactor at 200 °C and 10 bar..A black solution indicated that the reaction occurred was 

seen, and this solution flowed to the collection zone. After the reaction, the samples 

were immediately precipitated with ethanol to stop the post-preparative etching with 

the halides The product was precipitated with ethanol and centrifuged at 13,200 RPM 

for 15 minutes. The supernatant was discarded, and the particles were washed with 

ethanol three times. After the product was purified, it was redispersed in toluene. The 

particles were cleaned before further characterization.  
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2.7.1.2. The Use of Carbon Monoxide from the Gas Cylinder as Reducing 

Agent 

This synthesis involves the use of Gam II tube-in-tube reactor which has an inner tube 

composed of an AF-2400 polymer that permits the gas to permeate under a pressure 

gradient. The nanoparticles were synthesized in the presence of pure carbon monoxide 

(CO) gas. CO gas pressure of 12 bar was applied and the system pressure was at 10 bar, 

and thus saturating the solvent with CO. The particles formed in an oxygen-free 

environment and carried out under flowing nitrogen. 

 

Figure 2.14. Flow reactor from Uniqsis Ltd used for the synthesis of the nanoparticles. 



105 
 

 The Standard Synthesis of Pt@Ru Core-Shell and Pt-Ru Alloy 

Nanoparticle 

2.7.2.1 Pt@RuDendritic  

A flow reactor device obtained from Uniqsis Ltd. (FlowSyn Multi X) was fitted with a 20 

mL Teflon-coated stainless steel coil reactor and a 30 bar inert back pressure regulator. 

This flow reactor device has two pumps (i.e., A and B). Pump “A” streamed a solution 

containing the platinum and ruthenium precursors (3 mM for each metal) dissolved in 

oleylamine (73% by solution volume) and toluene (27% by solution volume) in a 

sonicator. Pump “B” was set to drive another stream of 28 mM W(CO)6 in toluene. It is 

important to note that carbon monoxide is generated by the thermal decomposition of 

W(CO)6.26, 30 Both pumps were set to a flow rate of 2.0 mL/min. Once the pressure 

stabilized, the pumps were started. The two streams entered a mixing zone and then 

continued through the preheated and pressurized coil reactor at 300 °C and 30 bar. A 

black solution indicated that the reaction occurred, and this solution flowed to the 

collection zone. The product was precipitated with ethanol and centrifuged at 13,200 

RPM for 15 minutes. The supernatant was discarded, and the particles were washed 

with ethanol three times. After the product was purified, it was redispersed in toluene. 

The particles were cleaned before further characterization.  
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2.7.2.2 Pt@RuCuboctahedral 

A concentration of 11 mM for each metal precursor was prepared in the same way as 

for Pt@RuDendritic. To dissolve the higher concentrations of the precursor, the solution 

was heated to 70 °C and stirred on a hot plate until the metal precursors are completely 

dissolved.31 The other steps were carried out as described above.  

2.7.2.3 PtRuAlloy 

The starting solution for making the Pt@RuDendritic nanoparticles was used. However, 

W(CO)6 was not used, and only toluene was allowed to flow through pump “B”. The rest 

of the synthesis was carried out as described above. 

 The Standard Synthesis of Ru Nanocrystals 

2.7.3.1. Branched fcc Ru Nanoparticles  

A flow reactor device obtained from Uniqsis Ltd. (FlowSyn Multi X) was fitted with a 10 

mL Teflon-coated stainless steel coil reactor and a 30 bar inert back pressure regulator. 

A solution containing the ruthenium acetylacetonates [Ru(acac)3] (11 mM for each 

metal) dissolved in oleylamine (75% by solution volume) and toluene (25% by solution 

volume) in a sonicator was streamed via the pump. Another pump was set to drive 

another stream of 14 mM W(CO)6 in toluene. Both pumps were set to a flow rate of 1.0 

mL/min. The two streams entered a mixing zone and then continued through the pre-

heated and pressurized coil reactor at 300 °C and 30 bar. A black solution was collected 

which indicated that the reaction occurred. The product was precipitated and washed 
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with ethanol three times. After the product was purified, it was redispersed in toluene 

and ready for further characterization. 

2.7.3.2. Faceted mixed-phase (fcc/hcp) Ru Nanoparticles 

The starting solution for making the Branched fcc Ru nanoparticles was used. However, 

W(CO)6 was replaced with Re2(CO)10. The rest of the synthesis was carried out as 

described above. 

2.7.3.3. Spherical hcp Ru Nanoparticles  

The starting solutions for making the Branched fcc Ru nanoparticles was used. However, 

Ru(acac)3 was replaced with RuCl3 and W(CO)6 was not used where, only toluene was 

allowed to flow through the pump. The rest of the synthesis was carried out as 

described above. 

 Chemicals 

Toluene, ammonia-borane complex (97%), platinum (IV) chloride (96%), tungsten 

hexacarbonyl (97%), dirhenium decacarbonyl (99%), dimanganese decacarbonyl (98%), 

copper (II) chloride (anhydrous, 99.995%) and nickel (II) bromide hydrate (98%) were 

purchased from Sigma-Aldrich. Platinum acetylacetonate (98%), ruthenium (III) 

acetylacetonate (99%), Molybdenum hexacarbonyl (98%), ruthenium (III) chloride (99%), 

nickel acetylacetonate (95%), which formed the dihydrate upon use,176 copper bromide 

(98%), and nickel (II) chloride hexahydrate (99.9%) were purchased from STREM. 

Oleylamine (technical grade, 70%), 1-adamantanecarboxylic acid (99%), copper (II) 
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acetylacetonate (98%), platinum (II) bromide (98%) and nickel (II) chloride hexahydrate 

(99.9999%) were purchased from Acros. Platinum (IV) bromide (99.99%), platinum (II) 

chloride (98%) and platinum (IV) iodide (99.95%) were purchased from Alfa Aesar. 

Carbon monoxide gas (99.95%) was purchased from AHG, Specialty Gas Centre, Jeddah, 

Saudi Arabia. All chemicals were used as delivered without further purification. 
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Chapter 3 : High Throughput of Size-Controlled Pt-M (M = Ni & Cu) Nano-
Octahedra 

3.1. Study Objectives  

Two main objectives of this study are to obtain tunable sizes of Pt-Ni and Pt-Cu 

nanoparticles while preserving their shape (octahedron) and to produce them in an 

industrial scale. Both of these needs have been achieved by using the continuous-flow 

reactor at different reaction conditions. In this chapter, we illustrate that the size of Pt-

M (M=Ni or Cu) nanocrystals can be tuned by using the non-conventional method 

ranging from 3 to 16 nm with an octahedral shape. This can be achieved when using 

acetylacetonate or halide precursors of Pt(II), Pt(IV) and Ni (II) or Cu (II) as shown in 

Figure 3.1. The optimization process was carried out through changing many parameters 

including temperature, type of metal precursor, metal precursors molar ratio, 

concentration of metal precursors and surfactant, capping agents, stabilizers, type of 

flow and residence time. From the optimization process we have found that by 

modifying only the precursor (dependent on the type of ligands and oxidation state of 

the metal precursors) we could obtain a wide range of sizes of the nanoparticles while 

keeping all other reaction parameters constant. Noted that most of this work has been 

published in Chemistry of Materials.177 Also, some of this work was supported and 

performed by Dr. Knudsen who helped with reactor set-up and design and Dr. LaGrow 

who is a specialist in electron microscopy.   
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Figure 3.1 Schematic cartoon and HR-TEM images show the size-controlled Pt-M (M=Ni and Cu) 

nanooctahedra by using different metal salts.177 

3.2. Introduction 

Catalytic applications of single metal and metal alloy nanoparticles depend greatly on 

the control of their surface structures.44,178,179 The catalytic performance of noble metal 

nanoparticles in the desired reaction can be enhanced by careful selection of exposed 

crystal facets.113,117,118,180,181 In the nanoparticle, the number of edge, corner, and facet 

sites, which are a function of particle size, has been well-established to provide a 

tremendous influence on the catalytic activity and selectivity of the metal 

nanoparticle.77,182-184 Spatial distribution of elements in a bimetallic systems has been 

found also to control in-situ etching and the surface strain which, in turn, determine the 

catalytic properties of the nanoparticles.15,116,185 Recently, some studies have shown that 

the elemental distribution within the bimetallic nanoparticle systems is not 

homogenous.116,186-188 In fact, the elemental distribution of the as-synthesized alloy 

nanoparticles depends largely on the reaction parameters such as the metal precursors 

concentration, ligands, and even their reduction potential.187,188 Accordingly, going by 



111 
 

the latest development in the study of the spatial variation in bimetallic systems, it has 

been recognized that a thorough analysis of the reaction conditions and parameters are 

necessary to comprehend their impact on the formation of alloy nanoparticles.  

A recent attempt sought to understand the influence of reaction conditions on 

nanoparticles from bimetallic system. The study examined the alteration in the 

reduction rate of both intrinsic components while controlling the precursor to fabricate 

core-shell vs. alloy Pd-Pt nanoparticles.188 Various research efforts dealing with 

monometallic systems have investigated the effect of reaction additives and precursors 

on the shape and size of the nanoparticles. Some of these studies have also examined 

the effect of the added surfactants,176,189,190 the precursor ligands190,191 and the oxidation 

state on the reduction kinetics of the nanoparticles.77 Although, these studies are quite 

elaborate, additional investigations of the various individual reaction components are 

necessary in order to fully comprehend the reaction system for bimetallic nanoparticles.  

Among Pt-based alloys, Pt-Ni and Pt-Cu nanoparticles have received a 

considerable attention from researchers due to their relativity low cost and great 

performance toward the ORR. The octahedral structure enclosed by {111}-facets is 

particularly important for the enchantment in the catalysts’ performance toward the 

ORR.43 Also, the best size reported in the literature is 9 nm.117 However, these 

nanoparticles are produced via batch syntheses which are often limited to a scale of 5-

25 mg.127 This amount of production is far below to be commercially viable. 
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Therefore, in this work, we have investigated the effects of metal precursors on 

the synthesis of shape-controlled platinum-based alloy nanoparticles through flow 

chemistry131,192,193 at high pressure and supercritical temperatures in toluene. The 

precise control of nanoparticle size, independent of its shape, along with the surface 

segregation of platinum in the presence of halides is hereby demonstrated. These 

findings introduce an approach that can produce a scalable amount of size-tuned and 

shape-controlled nanoparticles with a tunable surface compostion and structure by 

carefully controlling the exposed planes and the spatial distribution of the metals. 

3.3. Results and Discussion 

The chemicals in this study were selected according to a gas reducing agent in liquid 

solution (GRAILS) method reported by Wu et al.90 where Pt alloy nanoparticles were 

synthesized in batch. All chemicals are similar to the ones reported by Wu et al90 except 

that 1-adamantanecarboxylic acid was used instead of adamantaneacetic acid and 

toluene was used as solvent instead of some of the oleylamine in order to decrease the 

viscosity of the solution and ease the flow of the solution inside the tubing of the 

continuous-flow system. The synthesis was as follows: a solution of platinum, nickel and 

copper precursors, 1-adamantane carboxylic acid, and oleylamine was added into a vail 

containing toluene and dissolved completely by the sonicator. Another solution was 

prepared which is W(CO)6 dissolved in toluene. Both solutions were allowed to stream 

at a flow rate of 2.0 mL/min in a pre-heated and pressurized reactor at 200 °C and 10 

bar, respectively. Once the pressure was stable, the reaction was started. The solutions 
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used were not degassed. A product stream containing black nanoparticles was collected 

which means that the reaction was completed. 

 The Effect of Using Segmented or Single-Phase Flow in the Synthesis 
of Pt-Based Nanocrystals  

 

In this section, two solutions were used to produce the Pt-Ni nanoparticles. The first 

solution contains platinum precursor (0.01 mol L-1), nickel (0.01 mol L-1), 1-adamantane 

carboxylic acid (1 molar equivalent), and oleylamine (10 molar equivalent) dissolved in 

toluene and the other solution is W(CO)6 (0.03 mol L-1) dissolved in toluene. In order to 

control the residence time distribution precisely, segmented flow was investigated and 

compared to the single phase continuous flow, which is thought to have a bad residence 

time distribution, but has less components present in the synthesis. First, for the 

segmented flow, the T-valve and HT-270 Galden (inert fluid) were used in the synthesis 

of Pt-Ni nanoparticles. Two reactions were carried out in the flow reactor with the 2.5 mL 

steel reactor, and the standard Pt-Ni formulation (for the best results from using the CO 

infusion chamber) as shown in Figure 3.2 A. The reaction was carried out with a 1:1 ratio 

of HT-270 Galden and metal precursors solution, with a flow rate of 0.25 mL/min on each 

pump. The T-valve was placed before and after the gas chamber to study the effect of 

segmented flow and gas infusion. However, it had a complication with a pressure 

imbalance pushing down the other T-piece instead of pushing gas in the necessary 

direction. Also the CO was introduced first and this meant that a much slower CO infusion 

time was used. TEM images showed that the Pt-Ni nanoparticles from using T-piece are 
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with sort of control over the shape and size (Figure 3.2B and C). But, there is little real 

difference between the particles produced when T-valve positioned after and before gas 

chamber. It could be that using the T-mixer subsequently allows an ability to change the 

CO infusion time and not the total residence times. Also, from the EDS result, the 

nanoparticles have Pt contents more than Ni in both cases due to the inert fluid used 

which seems to react with Ni.  

 

Figure 3.2. (A) PtNi nanoparticles synthesized using the segmented flow. TEM images of Pt-Ni 

nanoparticles formed when T-valve placed after (B) and before (C) the gas infusion chamber. 

Second, single-phase flow was tested to study its effectiveness in the synthesis of 

Pt-based nanoparticles. The HT-270 Galden was difficult to clean and recycle, and thus 

just created extra waste. To test its necessity, the Pt-Ni nanoparticles were synthesized 

as a single phase and six fractions were collected to study the residence time distributions. 

Figure 3.3 A-F shows the TEM images of Pt-Ni nanooctahedra from six fractions of 1 mL 

each from a reaction at 200˚C with a residence time of 10 minutes of Pt(acac)2 : Ni(acac)2 

with a ratio of 1:1 with tungsten hexacarbonyl W(CO)6 as source of carbon monoxide 

which is a reducing agent. The size distributions counted from 100 particles were: A) 5.7 

± 1.3 nm, B) 6.0 ± 1.2 nm, C) 5.5 ± 1.2 nm, D) 6.1 ± 1.0 nm, E) 6.0 ± 1.3 nm , and F) 5.5 ± 
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1.0 nm. From combining all six sizes of the samples, the average size distribution for the 

samples are 5.8 ± 1.2 nm. All of the EDS analysis were between Pt 60% : Ni 40%, to Pt 50% 

: Ni 50%. It could be seen from the particle distributions that all of the fractions were 

almost identical. Therefore, we can conclude that single-phase flow shows a narrow size 

distribution, almost similar compositions and easy to use without any additional inert 

fluid such as HT-270 Galden. These results suggested that single-phase flow would be 

better than segmented flow for the synthesis of Pt-based nanocrystals.  

 
Figure 3.3. TEM images of Pt-Ni nanooctahedra from six fractions of 1 mL each. A) is the first collection and 

has average size of 5.7 ± 1.3 nm. B) is the second fraction and has average size of 6.0 ± 1.2 nm. C) is the 

third fraction has average size of 5.5 ± 1.2 nm. D) is fourth fraction and has average size of 6.1 ± 1.0 nm. E) 

is the fifth fraction and has average size of 6.0 ± 1.3 nm. F) is the last collection and has average size of 5.5 

± 1.0 nm. 
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 Gas Cylinder vs. Metal Carbonyl as a Source of Carbon Monoxide 
(the Reducing Agent) 

 
As we can see from the previous section, the carbon monoxide gas (CO) released from 

the gas cylinder has many issues regarding its safety and technical complications. For 

example, it required a gas infuser to enable the gas to be emerged with metal solutions 

at very low flow rate, meaning the speed of reaction will not be optimized to a higher one. 

In addition, this gas infuser is sensitive to the pressure of the overall reaction which means 

any such fluctuation to the pressure, the whole tubing will burst and the user will be 

exposed to a toxic gas. Thus, tungsten hexacarbonyl W(CO)6 was found to be the best 

replacement as a source of carbon monoxide. It is in a form of powder at room 

temperature and easy to deal with as opposed to using carbon monoxide gas cylinder. 

Interestingly, in this work, we discovered that the use of tungsten hexacarbonyl and 

carbon monoxide can deliver the same outcomes as was a requirement for the control of 

the final shape into an octahedron (Figure 3.4 A & C). Also, we found that the shape and 

size of Pt-Ni nanoparticles is not controlled when W(CO)6 was not utilized in the synthesis 

as shown in Figure 3.4 B. To understand the decompstion of W(CO)6 to form CO gas, 

syntheses were done according to a modified methods of Zhang et al.113 and Wu et al.90 

As reported by Zhang et al, Pt3Ni nanooctahedra was produced using tungsten 

hexacarbonyl W(CO)6 to control the shape of the particles. It was observed that tungsten 

doesn’t form alloy with platinum and stays as tungsten (VI) at the completion of 

reaction.91,113 Afterward, other researchers found that the main effect of the metal 

carbonyls in the synthesis arose as a result of carbon monoxide binding to the surface of 
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the metal and thereby altering the stability of the exposed surface facets.90,194,195 In the 

case of platinum-nickel alloy nanoparticles, the {111} facet is favored and the octahedra 

are formed in the presence of tungsten hexacarbonyl 113,196 or carbon monoxide.90 Under 

these reaction conditions, W(CO)6 is believed to breakdown completely and releases 

carbon monoxide which behaves in a way similar to pure carbon monoxide.197  

 

Figure 3.4. TEM images of Pt-Ni nanoparticles were synthesized under standard conditions but A) with CO 

gas B) without and C) with W(CO)6. The nanoparticles synthesized without W(CO)6 have a greatly 

diminished Pt:Ni ratio of 84:16. 

 The Effect of Different Metal Carbonyls as Reducing Agents  

Several reactions were carried out to investigate the effect of metal carbonyls on the as-

synthesized Pt-Ni nanoparticles. Re2(CO)10 and Mo(CO)6 were used instead of W(CO)6 at 

the standard reaction condition. Figure 3.5 A & B shows the Pt-Ni nanoparticles formed 

when using Re2(CO)10 and Mo(CO)6 and their average particles size is 2.1 nm ± 0.2 nm 

and 4.5 nm ± 0.5 nm, respectively. The octahedral shaped nanoparticles were observed 

in both cases with little truncation in the case of Re2(CO)10. As compared to W(CO)6, the 

size of Pt-Ni nanoparticles was comparable when Mo(CO)6 was used and decreased when 

Re2(CO)10 was involved in the synthesis. This is due to that CO generated is different 
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depending on the type of metal carbonyls in which W(CO)6 and Mo(CO)6 can easily 

dissociate to provide the CO while Re2(CO)10 is not completely dissociated. Consequently, 

we have selected the W(CO)6 for the rest of the study to limit the variables for changing 

the size of Pt-Ni nanocrystals to only one parameter which will be discussed in section 

3.3.10 and 3.3.11. 

These nanoparticles formed a nice self-assembly (superlattices) as seen in 

Figure 3.6. The ones seen in Figure 3.6 are standard superlattices for octahedral 

nanocrystals. It was also seen that a primitive cubic superlattice can be formed from the 

octahedral nanoparticles as illustrated in Figure 3.6 B. Fang et al. indicate that this process 

can be from varying the drying rates of the nanoparticles.198 Also, this could do more with 

the localized concentrations of octahedral on the grids. Thus, the self-assembly of Pt-Ni 

nanoparticles could possibly be achieved by controlling the solvents or drying rates.   

 
Figure 3.5. TEM images of Pt-Ni nanoparticles were synthesized under standard reaction conditions but 

with A) Re2(CO)10 and B) Mo(CO)6. 
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Figure 3.6. TEM images of the self-assembled Pt-Ni nanoparticles synthesized with different metal 

carbonyls as reducing agents, namely A) W(CO)6, B) Mo(CO)6  and C) Re2(CO)10. 

 The Effect of Temperature and Residence Time  

A series of reactions with Pt-Ni were performed to focusing on the reactor temperature 

and the flow rate. Experiments were run with Pt(acac)2 and Ni(acac)2 in solution and 

W(CO)6 creating the reducing environment by releasing CO gas. The 2.5 mL reactor was 

used and its temperature was varied from 180 - 260˚C. It was seen that smaller particles 

were formed at higher and below the range of 200-220˚C as illustrated in Figure 3.7. The 

maximum particle size ( 5̴ nm) was achieved at 200˚C with reaction times as short as 30 

seconds (8 mL/min. flow rate). The smallest particles were formed at 260˚C with a 

residence time of 1 minute, and also very small particles were formed at 180˚C with a 

residence time of 1 minute. For a residence time of 30 seconds the solution was light 

yellow and only a small amount of particles were formed. The results suggested that 

temperatures between 200 ˚C and 220 ˚C is the optimal condition for the synthesis of Pt-

Ni nanoparticles. Whereas, the flow rate has less effect on the shape and size of Pt-Ni 

nanocrystals at this range of temperatures. Given the unique reaction conditions of the 

flow reactor, the particles could be produced continuously with a 7.5 minute residence 
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time. The reactions were run at a pressure of 10 bar to prevent toluene from boiling at 

200 °C and to retain the carbon monoxide gas in solution that was generated during the 

reaction.  
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Figure 3.7. TEM images of Pt-Ni nanoparticles with different sizes at different temperatures and flow rate. 

At 260˚C A-C) 8 mL /min, 4 mL /min and 2 mL /min, respectively. At 240˚C D-F) 8 mL /min, 4 mL /min and 2 

mL /min, respectively. At 220˚C G-I) 8 mL /min, 4 mL /min, 2 mL /min, respectively. At 200˚C J-L) 8 mL /min, 

4 mL /min, 2 mL /min, respectively. At 180˚C M-O) 8 mL /min, 4 mL /min, 2 mL /min, respectively. 
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 The Effect of Concertation of Metal Precursors Solution     

The concentration of precursors in the system is an important factor in controlling the 

size of nanoparticles. Xia and his co-workers have changed the particle size of PtNi by 

altering the overall concentration and olelyamine ratio at the same time.182 So, the total 

concentration of the system was varied from half the standard concentration to twice the 

standard concentration to look at its effect on the size. However, it was found that our 

results were not similar to what would be expected from Xia’s work. The higher 

concentration slightly increased the particle size. The particles are seen to be 5.0 ± 0.7 nm 

for half the standard concentration (Figure 3.8 A), 5.0 ± 1.0 nm for the standard ratio 

(Figure 3.8 B) and 5.6 ± 0.8 nm for twice the standard concentration (Figure 3.8 C). The 

results suggested that changing the concentration has no prominent effect on the final 

size of Pt-Ni nanoparticles. Thus, we continue the study with the standard concentration. 

In fact, the twice standard concentration would make a very viscous solution that would 

be hard to flow in the reactor and half the standard concentration increases the amount 

of solvent and thus waste for the chemicals used. 

 
Figure 3.8. Pt-Ni nanoparticles formed at three different concentrations, A) half standard, B) standard, 

and C) twice standard.  



123 
 

 The Effect of Initial Metal Precursors Molar Ratios  

We also looked at changing the composition of PtNi particles by changing the ratio of 

starting metal solutions from 75% Pt to 10% Pt. For the compositional reactions 2x 20 mL 

solutions of pure Pt and pure Ni solution with adamantine carboxylic acid and oleylamine 

were made up and then a dilution series was made to form stock solutions. Each of these 

were run at 200˚C in a 20 mL reactor with a 2 mL/min. flow rate. The Pt-Ni nanoparticles 

shown in Figure 3.9 A have a size of 5.5 ± 0.8 nm and have an elemental composition by 

EDS of Pt 66% : Ni 34%. Pt-Ni nanoparticles have a ratio by EDS of Pt 68% : Ni 32% and a 

particle size of 3.5 ± 0.6 nm as depicted in Figure 3.9 B. Figure 3.9 C shows that Pt-Ni 

nanoparticles have a ratio by EDS of Pt 45% : Ni 55% and a particle size of 5.0 ± 0.6 nm. 

Figure 3.9 D illustrates that the Pt-Ni nanoparticles have a ratio by EDS of Pt 35% : Ni 65% 

and a particle size of 3.4 ± 0.6 nm. Figure 3.9 E has shown that a ratio by EDS of Pt 31% : 

Ni 69% was found in Pt-Ni nanoparticles while Figure 3.9 F has illustrated that a ratio by 

EDS of Pt 10% : Ni 90% was existed in the Pt-Ni nanoparticles and both of which formed 

a polydisperse reaction system. The findings suggest that the higher the Ni contents the 

more polydisperse the final particles are in both shape and size of the nanoparticles. The 

opposite scenario was found at higher percentages of platinum.  
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Figure 3.9. TEM images of Pt-Ni nanoparticles formed by using starting solutions of A) Pt75:Ni25, B) 

Pt66:Ni33, C) Pt50:Ni50, D) Pt33:Ni66, E) Pt25:Ni75, F) Pt10:Ni90. 

 The Effect of the Surfactant Concentration 

Xia et al. used lower concentrations and increased oleylamine concentrations to increase 

the particle size.182 In an attempt to increase the particle size, the concentration of  

oleylamine was varied from 10 molar equivalents (the standard amount) to 25, 50 and 

100 molar equivalents. The particles were seen to increase their size distribution from 5.1 

± 0.7 nm with 25 molar equivalents of oleylamine (Figure 3.10 A), to 6 ± 2 nm with 50 

equivalents of oleylamine (Figure 3.10 B), and finally to 7 ± 2 nm with 100 molar 

equivalents of oleylamine (Figure 3.10 C). However, the octahedral shape of Pt-Ni 

nanocrystals are seen to be diminished at higher than 25 molar equivalents (Figure 3.10). 

Also, the polydispersity in the size of these nanoparticles is clearly observed at higher 
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oleylamine concentrations as seen in Figure 3.10. The amounts of oleylamine used in all 

further (and previous experiments) was kept at 10 molar equivalents.  

 
Figure 3.10. TEM images of Pt-Ni nanoparticles synthesized with A) 25, B) 50, and C) 100 molar equivalents 

of oleylamine as surfactant. 

 The Effect of Other Amines as Surfactant 

The use of other amines instead of oleylamine was employed. 1-octadecylamine gives a 

particle of 4.4 ± 1.0 nm in size (Figure 3.11 A), and 1-dodecylamine gives a size distribution 

of 5.1 ± 0.9 nm (Figure 3.11 B). The shape and size of the Pt-Ni nanoparticles were not 

seen to be different form the standard ones. This means changing the amines has no 

effect on both the size and shape of Pt-Ni nanocrystals. Oleylamine was kept as the amine 

of choice as it is the only amine that is a liquid at room temperature and thus it is easier 

to handle for flow reaction systems. 
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Figure 3.11. TEM images of Pt-Ni nanocrystals made from reactions done at 200˚C with 10 equivalents of 

A) 1-octadecylamine and B) dodecylamine. 

 The Effect of Using Different Stabilizers 

In all above reactions, the use of 1-adamantanecarboxylic acid was an added value in 

stabilizing the final shape of the Pt-Ni nanocrystals. Wu and his co-workers demonstrated 

that the shape of Pt-based nanoparticles can be transformed from cubic to octahedral 

depending on the stabilizer used such as oleic acid and adamantaneacetic acid.90 Thus, 

we have studied the effect with and without 1-adamantanecarboxylic acid and oleic acid 

as stabilizers in our synthesis. Figure 3.12 A, the Pt-Ni nanoparticles have a size 

distribution of 4.9 ± 1.1 nm and have a roughly spherical shape when using oleic acid as 

stabilizer. Figure 3.12 B shows the Pt-Ni nanooctahedra formed from 1 equivalent of 

adamantinecarboxylic acid with the size distribution of 4.9 ± 0.6 nm. Figure 3.12 C 

illustrates that the Pt-Ni nanoparticles are mostly of octahedral shaped with a size 

distribution of 5.3 ± 0.9 nm and have a small amount of icosahedra and triangular plates 

when 1-Adamantanecarboxylic acid was not used in the synthesis. These outcomes 

suggested that the adamantine carboxylic acid as stabilizer has a small effect on 
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narrowing the size distribution of the nanoparticles, and retains the octahedral structure 

unlike the oleic acid.  

 

Figure 3.12. TEM images of Pt-Ni nanoparticles formed in reactions done at 200˚C with 1 equivalent of A) 

oleic acid, B) 1-adamantanecarboxylic acid, and C) without 1-adamantanecarboxylic acid. 

 The Control of the Particles Size by Varying Metal Precursors (i.e. 
Metal Acetylacetonates, Chlorides and Bromides): The Case of Pt-Ni 
Nanoalloy 

 

Reactions were conducted to study the effect of metal precursors (i.e. the ligands and 

the oxidation state of the precursors) on the formed nanomaterials. The synthesis of Pt-

Ni nanooctahedra were conducted based on the standard reaction condition in which 

platinum and nickel precursors, 1-adamantane carboxylic acid, and oleylamine were 

dissolved in toluene. Another solution was prepared which is W(CO)6 dissolved in 

toluene. Both solutions were allowed to stream at a flow rate of 2.0 mL/min in a pre-

heated and pressurized reactor at 200 °C and 10 bar, respectively. While the chemical 

reagents such as oleylamine, 1-adamantane carboxylic acid, tungsten carbonyl and 

toluene were kept constant, the precursors for the platinum and nickel were varied from 
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acetylacetonates to chlorides to bromides to iodides. The different oxidation state of 

platinum [Pt (II) and Pt (IV)] were also considered in the study of the platinum halide 

precursors. We determined the particle edge length along the {111}-facet while the 

composition was measured by EDS. So, the platinum salts individually were mixed with 

each of the nickel sources. The platinum precursors were platinum acetylacetonate 

[Pt(acac)2], platinum chlorides [PtCl2 and PtCl4], and platinum bromides [PtBr2 and 

PtBr4], and the nickel ones were nickel acetylacetonate dihydrate [Ni(acac)2.2H2O], 

nickel chloride hexahydrate [NiCl2.6H2O], and nickel bromide dihydrate [NiBr2.2H2O]. 

The average size of Pt-Ni nanooctahedra produced from the use of platinum 

acetylacetonate [Pt(acac)2] with three different nickel precursors namely, nickel 

acetylacetonate dihydrate [Ni(acac)2.2H2O], nickel chloride hexahydrates [NiCl2.6H2O], 

and nickel bromide dihydrate [NiBr2.2H2O] was 4.5 ± 0.6 nm, 5.2 ± 0.8 nm and 6 ± 1 nm 

and their composition was ~Pt57Ni43, ~Pt45Ni55, and ~Pt43Ni57, respectively (Figure 3.13 

A-C and Table 3.1 ). The Pt-Ni nanoparticles formed from the use of platinum chlorides 

[PtCl2 and PtCl4] with each Ni precursors [Ni(acac)2.2H2O], [NiCl2.6H2O], and 

[NiBr2.2H2O] were having an average size and composition of 4.6 ± 0.7 nm (~Pt58Ni42), 

5.5 ± 0.8 nm (~Pt46Ni54), 6.2 ± 0.8 nm (~Pt40Ni60), 9 ± 1 nm 6 (~Pt46Ni54) , 8 ± 1 nm 

(~Pt40Ni60), 8 ± 1 nm (~Pt49Ni51), respectively (Figure 3.13 D-I and Table 3.1). For the 

bromides [PtBr2 and PtBr4], the Pt-Ni nanoparticles were having an average size of 6.2 ± 

0.9 nm, 9 ± 1 nm, 11 ± 2 nm 12 ± 1 nm, 11 ± 2 nm and 11 ± 2 nm and composition of 

~Pt51Ni49, ~Pt36Ni64, ~Pt39Ni61, ~Pt35Ni65 ,~Pt36Ni64 and ~Pt40Ni60, respectively 

(Figure 3.13 J-O and Table 3.1). Pt-Ni nanooctahedra show a general increase in the 
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particle size in order of acetylacetonate precursors < the chloride precursors < the 

bromide precursors. The average composition became more nickel rich with the halide 

precursors (Table 3.1). It should be noted that NiI2 and PtI2 and PtI4 were also studied, 

but had extremely low yields and thus were considered not to form stable particles. 

Table 3.1. The average EDS measurement ratios (composition) of the platinum-nickel 
nanoparticles formed by Pt(acac)2, PtCl2 , PtCl4 , PtBr2 , and PtBr4 as Pt precursors with 
different Ni salts, respectively. 

Pt Precursor Ni Precursor  Particle Size 
(nm) 

Pt, atom% 
(EDS) 

Ni, atom%   
(EDS) 

Pt(acac)2 Ni(acac)2·2H2O 4.5 ± 0.6  57 ± 2% 43 ± 2% 
PtCl2 Ni(acac)2·2H2O 4.6 ± 0.7  58 ± 2% 42 ± 2% 
PtCl4 Ni(acac)2·2H2O 5.5 ± 0.8  46 ± 3% 54 ± 3% 
PtBr2 Ni(acac)2·2H2O 6.2 ± 0.9 51 ± 3% 49 ± 3% 
PtBr4 Ni(acac)2·2H2O 9 ± 1  36 ± 1% 64 ± 1% 

Pt(acac)2 NiCl2·6H2O 5.2 ± 0.8  45 ± 2% 55 ± 2% 
PtCl2 NiCl2·6H2O 6.2 ± 0.8 40 ± 1% 60 ± 1% 
PtCl4 NiCl2·6H2O 9 ± 1  46 ± 3% 54 ± 3% 
PtBr2 NiCl2·6H2O 11 ± 2 39 ± 1% 61 ± 1% 
PtBr4 NiCl2·6H2O 12 ± 1  35 ± 3% 65 ± 3% 

Pt(acac)2 NiBr2·2H2O 6 ± 1  43 ± 2% 57 ± 2% 
PtCl2 NiBr2·2H2O 8 ± 1  40 ± 2% 60 ± 3% 
PtCl4 NiBr2·2H2O 8 ± 1 49 ± 3% 51 ± 3% 
PtBr2 NiBr2·2H2O 11 ± 2  36 ± 2% 64 ± 2% 
PtBr4 NiBr2·2H2O 11 ± 2  40 ± 2% 60 ± 3% 
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Figure 3.13. Bright-field TEM micrographs of Pt-Ni nanoparticles formed with A) Pt(acac)2 and 

Ni(acac)2·2H2O, B) Pt(acac)2 and NiCl2·6H2O, C) Pt(acac)2 and NiBr2·2H2O, D) PtCl2 and Ni(acac)2·2H2O, E) 

PtCl2 and NiCl2·6H2O, F) PtCl2 and NiBr2·2H2O, G) PtCl4 and Ni(acac)2·2H2O, H) PtCl4 and NiCl2·6H2O, I) 

PtCl4 and NiBr2·2H2O, J) PtBr2 and Ni(acac)2·2H2O, K) PtBr2 and NiCl2·6H2O, L) PtBr2 and NiBr2·2H2O, M) 

PtBr4 and Ni(acac)2·2H2O, N) PtBr4 and NiCl2·6H2O, and O) PtBr4 and NiBr2·2H2O.  
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The high angle annular dark field scanning transmission electron microscopy 

(HAADF-STEM) analysis showed the formation of octahedral Pt-Ni nanoparticles with the 

different metal precursors (Figure 3.14). Figure 3.14 A-C shows that Pt-Ni nanocrystals 

were enclosed by the {111}-facets and imaged along the [110] zone axes in all cases. In 

the case of nanoparticles synthesized with both of the acetylacetonates, they have no 

preference in the brightness of the atomic columns beyond what can be attributed to 

the thickness effect (Figure 3.14 A) and thus appeared to be random alloys.186  For those 

nanoparticles formed with the halide precursors, a bright outline was observed along 

the edge atoms of the particles as depicted in Figure 3.14 B & C, which was probably 

attributable to the atomic contrast, and therefore surface desegregation of the platinum 

and nickel. The fast Fourier transforms (FFTs) of the high resolution STEM images were 

created and indexed which show the corresponding planes (lattice spacing) of an fcc 

crystal structure (Figure 3.14).   

 

Figure 3.14. High resolution STEM images of Pt-Ni nanoparticles synthesized with (A) Pt(acac)2 and 

Ni(acac)2, (B) PtCl4 and NiCl2·6H2O, and (C) PtBr4 and NiBr2·2H2O, with the areas used to generate the fast 

Fourier transforms (FFTs) with Image J shown as red boxes. The FFT’s are indexed as well as the 

corresponding lattice spaces on the high resolution images by red lines. 
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In order to understand the difference in intensity among the HAADF-STEM 

images, the Pt-Ni nanooctahedra formed with PtBr4 and NiBr2 (PtNi-Br) were further 

examined with STEM-EDS spectrum imaging (Figure 3.15). The elemental map of PtNi-Br 

(Figure 3.15 B-E) shows platinum enhancement on the nanoparticle surface and Ni 

enrichment in the center (Figure 3.15 C-E), which is consistent with the HAADF-STEM 

image. There is an obvious increase in the platinum intensity at the surface for PtNi-Br 

(Figure 3.15 E). A greater proportion of platinum is seen at the surface (i.e. platinum-rich 

shell) at all orientations. 

 

Figure 3.15. A) HAADF-STEM micrograph of Pt-Ni nanoparticles formed from PtBr4 and NiBr2·2H2O showing 

where the spectrum image and spatial drift were taken from. B, C, D, and E are the elemental maps acquired 

with STEM-EDS spectrum imaging technique with B) HAADF-STEM signal, C) Ni K peak, D) Pt L peak and E) 

the overlap. 

Figure 3.16 shows the XRD patterns for Pt-Ni nanoparticles obtained from 

different metals precursors. A clear broadening in the peaks is observed when changing 

from the bromides to the chlorides and then to the acetylacetonates, which is in 

agreement with decreasing particle size (Figure 3.16). There is also a clear shift to the 

higher angle in the peak positions for the Pt-Ni nanoalloys (Figure 3.16) because the 



133 
 

particles have more nickel-rich in their composition in this order: acetylacetonates < 

chlorides < bromides. The Pt-Ni nanoparticle size calculated via the Scherrer Equation 

showed a perfect fit for Pt(acac)2 + Ni(acac)2·2H2O (4.4 nm) (Table 3.2). An asymmetry 

can be observed in the peaks for the nanoparticles synthesized from the halide 

precursors, thus fitting with two Gaussian peaks was carried out, assuming there was a 

platinum rich and nickel rich component of the nanoalloys (Table 3.2). The asymmetry is 

considered to occur because at lower 2Theta the secondary peak has a broadening which 

is resulting from the platinum-rich layer at the surface of nanoparticles (i.e. similar to a 

core-shell structure). This shell was calculated and found to be 1.6 – 3.7 nm for the PtNi 

particles when altering from the chloride precursors to the bromides (Table 3.2). Similar 

asymmetry has been reported with dealloyed PtCu nanoparticles by Yang et al.185 It can 

be seen from the XRD profiles that the (111) reflection was seen to be more intense for 

the Pt-Ni nanoalloys as compared to the (200) and (220) reflections (Figure 3.16). This is 

due to nanoparticle ordering with the (111) plane is perpendicular to the X-ray source as 

opposed to other two planes, which becomes more noticeable with the larger 

nanoparticles as the larger particles would be less influenced by the surface roughness of 

the XRD plates.  
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Figure 3.16. XRD patterns of Pt-Ni nanoparticles formed with the various metal precursors. The dashed lines 

are guides for the Pt(111) peak in black, the Ni(111) peak in green. 

Table 3.2. The particle and shell size extracted from the XRD with the Scherer equation 
for the Pt-Ni nanoparticles.  

Precursor Particle Size (nm) Shell Size (nm) Total Size (nm) 
Pt(acac)2 + 

Ni(acac)2·2H2O 
4.4  - 4.4  

PtCl2 + NiCl2·6H2O 6.0  1.6  7.7  
PtCl4 + NiCl2·6H2O 6.3  2.2  8.5  
PtBr2 + NiBr2·2H2O 7.5  3.2  10.7  
PtBr4 + NiBr2·2H2O 7.6  3.7  11.3  

 

We have looked at the effect of Pt and Ni precursors separately. For the platinum 

precursors effect in the synthesis, the size of Pt-Ni nanoparticles has an obvious trend 

which was detected across all of the Pt precursors combination with the nickel ones as 

follows: Pt(acac)2<PtCl2<PtCl4<PtBr2<PtBr4 (Figure 3.17). This general effect on the size 

of the nickel precursors was observed to be in the following order: Ni(acac)2·2H2O 

<NiCl2·6H2O<NiBr2·2H2O (Figure 3.17). Due to the introduction of halides from platinum 

precursors, the particle size of Pt-Ni nanoalloys showed a linear relationship with 

concentration of halides (Figure 3.17), where the bromide ions having a greater 
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influence than the chloride ions. The particles formed with Pt(acac)2 and NiCl2·6H2O are 

within error of those produced from PtCl2 and Ni(acac)2·2H2O which suggested that 

halides have the profound effect on the particles size and not the metals. Across all of 

the Pt-Ni nanoparticle systems, there is a trend towards lower Pt:Ni ratios when using 

the halides, with the lowest values using PtBr4 (Figure 3.18). Thus, we propose that the 

nickel precursors undergo mixing of their ligand shells in solution with the oleylamine 

substituting the halides (Figure 3.19). To test this hypothesis, UV-Vis was taken of the 

nickel precursors mixed with oleylamine and adamantane carboxylic acid in toluene. 

These studies looked at Ni(acac)2.2H2O and NiCl2.6H2O as NiBr2.2H2O would not 

dissolve into a solution without the presence of the platinum precursor. Looking at the 

UV-Vis spectra, the nickel precursors have two major features at ~370 nm and ~603 nm 

(Figure 3.19). The oleylamine is also considered to displace the original aqua ligands 

around the nickel precursor, as the oleylamine is in excess to the waters of hydration. It 

should also be noted that nickel readily forms a carbonyl,180,199 which would further alter 

the nickel precursor during the synthesis, causing the displacement of the halide species 

and possibly interacting with platinum.  
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Figure 3.17. The graph of the effect of both precursors on the nanoparticle edge length shown with nickel. 

 

Figure 3.18 Graph shows the percentage of platinum in the bimetallic nanoparticles as of the result of the 

precursors used for platinum-nickel.  
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Figure 3.19. Ultraviolet and visible spectroscopy of the nickel precursors dissolved in oleylamine and 1-

adamantane carboxylic acid with toluene. 

 The Control of the Particles Size by Varying Metal Precursors (i.e. 
Metal Acetylacetonates, Chlorides and Bromides): The Case of Pt-Cu 
Nanoalloy 

 

To test the ubiquity of the use of the precursors to control particle size, we investigated 

platinum copper which is reported to behave similarly to platinum nickel. Here, we have 

replaced the nickel precursors with the copper ones which are copper acetylacetonate 

[Cu(acac)2], copper chloride [CuCl2], and copper bromide [CuBr2]. The average size of Pt-

Cu nanooctahedra created from the use of platinum acetylacetonate [Pt(acac)2] with 

three different copper precursors namely, copper acetylacetonate [Cu(acac)2], copper 

chloride [CuCl2], and copper bromide [CuBr2] was 3.6 ± 0.5 nm, 12 ± 1 nm, and 10 ± 1 

nm and their composition was ~Pt39Cu61, ~Pt44Cu56, and ~Pt41Cu59, respectively 

(Figure 3.20 A-C and Table 3.3 ). The Pt-Cu nanoparticles formed from the use of 

platinum chlorides [PtCl2 and PtCl4] with each Cu precursors [Cu(acac)2], [CuCl2], and 
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[CuBr2] were having an average size and composition of 4.1 ± 0.8 nm (~Pt49Cu51), 13 ± 2 

nm (~Pt45Cu55), 13 ± 2 nm (~Pt45Cu55), 13 ± 1 nm (~Pt40Cu60) , 13 ± 1 nm (~Pt48Cu52), 14 

± 1 nm (~Pt41Cu59), respectively (Figure 3.20  D-I and Table 3.3). For the bromides [PtBr2 

and PtBr4], the Pt-Cu nanoparticles were having an average size of 5.2 ± 0.8 nm 15 ± 1 

nm, 15 ± 2 nm, 14 ± 1 nm, and 16 ± 1 nm and composition of ~Pt42Cu58, ~Pt44Cu56, 

~Pt38Cu62, ~Pt39Cu61, and ~Pt34Cu66, respectively (Figure 3.20 J-N and Table 3.3). It 

should be noted that PtBr4 and Cu(acac)2 did not produced any nanoparticles. Pt-Cu 

nanoparticles showed a general rise in the particle size in the following order: 

acetylacetonate precursors < chloride precursors < bromide precursors. The average 

composition of the Pt-Cu nanocrystals varied around ~Pt40Cu60 (Table 3.3). 

Table 3.3. The average EDS measurement ratios (composition) of the platinum-copper 
nanoparticles formed by Pt(acac)2, PtCl2 , PtCl4 , PtBr2 , and PtBr4 as Pt precursors and 
different Cu salts, respectively. 

Pt Precursor Cu Precursor  Particle Size 
(nm) 

Pt, atom% 
(EDS) 

Cu, atom%   
(EDS) 

Pt(acac)2 Cu(acac)2 3.6 ± 0.5  39 ± 1% 61 ± 2% 
PtCl2 Cu(acac)2 4.1 ± 0.8 49 ± 2% 51 ± 2% 
PtCl4 Cu(acac)2 13 ± 2  45 ± 1% 55 ± 1% 
PtBr2 Cu(acac)2 5.2 ± 0.8  42 ± 1% 58 ± 2% 
PtBr4 CuCl2 12 ± 1  44 ± 1% 56 ± 1% 

Pt(acac)2 CuCl2 13 ± 2  45 ± 1% 55 ± 1% 
PtCl2 CuCl2 13 ± 1  40 ± 1% 60 ± 1% 
PtCl4 CuCl2 15 ± 1  44 ± 1% 56 ± 1% 
PtBr2 CuCl2 15 ± 2  38 ± 1% 62 ± 1% 
PtBr4 CuBr2 10 ± 1  41 ± 1% 59 ± 1% 

Pt(acac)2 CuBr2 13 ± 1  48 ± 2% 52 ± 2% 
PtCl2 CuBr2 14 ± 1  41 ± 1% 59 ± 1% 
PtCl4 CuBr2 14 ± 1 39 ± 1% 61 ± 2% 
PtBr2 CuBr2 16 ± 1  34 ± 1% 66 ± 2% 
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Figure 3.20. Bright-field TEM micrographs of Pt-Cu nanoparticles formed with A) Pt(acac)2 and Cu(acac)2, 

B) Pt(acac)2 and CuCl2, C) Pt(acac)2 and CuBr2, D) PtCl2 and Cu(acac)2, E) PtCl2 and CuCl2, F) PtCl2 and 

CuBr2, G) PtCl4 and Cu(acac)2, H) PtCl4 and CuCl2, I) PtCl4 and CuBr2, J) PtBr2 and Cu(acac)2, K) PtBr2 and 

CuCl2, L) PtBr2 and CuBr2, M) PtBr4 and CuCl2, and N) PtBr4 and CuBr2.  

 

The utilization of high angle annular dark field scanning transmission electron 

microscopy (HAADF-STEM) was carried out to study the exposed facets and elemental 
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desegregation as displayed in Figure 3.21. From Figure 3.21 (A-C), Pt-Cu nanoparticles 

were bound by the {111}-facets and the imaging was done along the [110] zone axes in 

all cases (as indexed from the FFTs). In the case of Pt-Cu nanoparticles synthesized with 

both of the acetylacetonates, they appeared to be random alloys similar to the Pt-Ni of 

the same case (Figure 3.21 A). For those particles formed with the halide precursors, a 

bright outline is clearly shown on the surface of the particles which is attributed to the 

atomic contrast as illustrated in Figure 3.21 B &C. The Pt-Cu nanooctahedra developed 

from PtBr4 and CuBr2 (PtCu-Br) shows a surface step or a degree of surface indentation.  

 

Figure 3.21. High resolution STEM images of Pt-Cu nanoparticles synthesized with (A) Pt(acac)2 and 

Cu(acac)2, (B) PtCl4 and CuCl2, and (C) PtBr4 and CuBr2, with the areas used to generate the fast Fourier 

transforms with Image J shown as red boxes. The FFT’s are indexed as well as the corresponding lattice 

spaces on the high resolution images. 

In order to understand the difference in intensity among the HAADF-STEM 

images, the nanooctahedra formed with PtCl4 and CuCl2 (PtCu-Cl) and with PtBr4 and 

CuBr2 (PtCu-Br) were further examined with STEM-EDS spectrum imaging. The 

elemental mapping of PtCu-Cl and PtCu-Br (Figure 3.22 A-L) shows platinum enrichment 

on nanoparticle surface and copper enrichment in the center (Figure 3.22 C-E and I-J), 



141 
 

which is consistent with the HAADF-STEM images. Analysis of the intensity line profiles 

shows that the platinum surface enrichment appears ~2 nm before the nanoparticle 

edge for both samples (Figure 3.22 K and L). There is an increase in platinum intensity at 

the surface for PtCu-Br (Figure 3.22 L). The platinum-rich shell is visible at all 

orientations (Figure 3.23).  

 

Figure 3.22. A and B shows HAADF-STEM images of Pt-Cu nanoparticles synthesized with PtCl4 and CuCl2 

as precursors and with PtBr4 and CuBr2 as precursors which are noted as (PtCu-Cl) and (PtCu-Br), 

respectively. A single particle of Pt-Cu from both samples was studied which is enclosed by the red dashed 

box. The elemental mapping of the single particle in A) is clearly illustrated with C-F) the HAADF-STEM 

signal, the Cu-K peak, the Pt-L peak and the overlap signals, respectively. Whereas, elemental mapping of 

B) is clearly revealed with G-J) the HAADF-STEM signal, the Cu-K peak, the Pt-L peak and the overlap signals, 

respectively. The white dashed parallel lines in C, D and E, and G, H, and I indicated the area from which the 

line profiles were obtained as shown in K and L, respectively. 
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Figure 3.23. A) HAADF-STEM micrograph of Pt-Cu nanoparticles formed from PtBr4 and CuBr2 showing 

where the spectrum image and spatial drift were taken from. B, C, D, and E are the elemental maps acquired 

with STEM-EDS spectrum imaging technique with B) HAADF-STEM signal, C) Cu K peak, D) Pt L peak and E) 

the overlap. 

To investigate morphology variances between the PtCu-Cl and the PtCu-Br 

samples in the three dimension, TEM surface tomography was carried out. In the 

volume-reconstructed tomogram of PtCu-Cl, there are {111}-facets with slight truncation 

at its side corners, thereby making {100}-facets (Figure 3.24 A). Close to the [100] zone 

axis, the truncation at the top of the particle is due to anisotropy of the particle width 

(Figure 3.24 B-E). On the other hand, the volume-constructed TEM tomogram of PtCu-Br 

(Figure 3.24 F) shows evidence of unevenness and concavity into the {111} surface facets 

to differing extents. The concavity into the four oriented {111}-facets is visible near the 

[100] zone axis (Figure 3.24 G). In the different angle projections of the nanoparticles 

from the PtCu-Br sample (Figure 3.24 H-J), the darker areas along the {111} facets 

correspond to the uneven areas. The unevenness occurs as indentations along the {111}-

facets of the octahedra; thus, it is not obvious from all angles and is the most obvious 
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near the [111] zone axis where the concave surface of the nanoparticles give the 

appearance of a hexagonal star structure (Figure 3.24 I). 

 

Figure 3.24. The tomograms were obtained to show the nanoparticle shapes and volume of a particle 

designed from PtCl4 and CuCl2 and oriented near the [111] and [100] zone axes as shown in A & B, 

correspondingly. TEM images from the tomoseries were diplayed in C-E) for A and B at -32, 16 and 75 

degrees. The tomograms were obtained to show the nanoparticle shapes and volume of a particle designed 

from PtBr4 and CuBr2 and oriented near the [111] and [100] zone axes as shown in F & G, correspondingly. 

TEM images from the tomoseries were shown in H-J) for F and G at -42, -4 and 28 degrees. The tomography 

data was supplied by A. P. LaGrow. 

Figure 3.25 shows the XRD patterns for Pt-Cu nanoparticles obtained from 

different metals precursors. A clear sharpening in the peaks is observed when changing 

from the acetylacetonates to the chlorides and then to the bromides, which is in 

agreement with the decreasing in the particle size (Figure 3.20). There is also a clear 

shift to the blue dashed line [Cu-(111) peak] in the peak positions for the Pt-Cu 

nanoalloys (Figure 3.25) because the particles have more and almost similar percentage 

of Cu-rich in their composition in this order: acetylacetonates < chlorides < bromides. 
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The Pt-Cu nanoparticle size calculated via the Scherrer formula showed a perfect fit for 

Pt(acac)2 + Cu(acac)2 (3.1 nm) (Table 3.2). An asymmetry can be observed in the peaks 

for the nanoparticles synthesized from the halide precursors, and was fit with two 

components as discussed above (Table 3.4). The shell was calculated and found to be 3.7 

– 4.6 nm for the Pt-Cu nanoparticles altering from the chloride precursors to the 

bromides (Table 3.4). Similar observations from the XRD profiles that have been 

discussed in the Pt-Ni system was applicable for Pt-Cu one in which the (111) reflection 

was seen to be more intense for the Pt-Cu nanoalloys as compared to the (200) and 

(220) reflections (Figure 3.25). However, as the etching becomes evident, there is an 

increase in the (200) reflection, indicating a reduction in ordering. 

 
Figure 3.25. XRD patterns of Pt-Cu nanoparticles formed with the various metal precursors. The dashed 
lines are guides for the Pt(111) peak in black and the Cu(111) peak in blue. 

Table 3.4. The particle size and shell size extracted from the XRD with the Scherer 
equation for the Pt-Cu nanoparticles.  

Precursor Particle Size (nm) Shell Size (nm) Total Size (nm) 
Pt(acac)2 + Cu(acac)2 3.1  - 3.1  
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PtCl2 + CuCl2 9.9  3.7  13.6  
PtCl4 + CuCl2 9.6  3.5  13.1  
PtBr2 + CuBr2 9.7  4  13.7  
PtBr4 + CuBr2 11.7  4.6  16.3 

 

Similar effect from the platinum precursors in the Pt-Ni nanoalloy synthesis was 

observed in Pt-Cu system in which an obvious trend is seen across all of the precursor 

combinations with the copper of an increasing in the nanoparticle size with 

Pt(acac)2<PtCl2<PtCl4<PtBr2<PtBr4 (Figure 3.26). Also, the halides introduced by the 

platinum precursor show a linear relationship with the size of the Pt-Cu system 

(Figure 3.26). This general effect on the size of the copper precursor is Cu(acac)2 <CuX2, 

where CuBr2 and CuCl2 are within the error of each other (Figure 3.26). For the Pt-Cu 

nanoparticles, there is slight decrease and increase in the Pt:Cu values when using PtBr4 

and PtCl2, respectively. However, he Pt:Cu ratio does not vary that much from ~40%, 

displaying a clear trend with the different precursors (Figure 3.27). UV-Vis was again 

carried out to study the amine/ligand mixing in solution. Figure 3.28 shows the UV-Vis 

spectrum for the copper precursors where they have shown a shift in the features from 

Cu(acac)2, CuCl2, to CuBr2 with the higher wavelength peak shifting from ~685 nm, to 

~660 nm, to ~645 nm, respectively. Therefore, we propose that the structure of copper 

precursors are dissolved in solution, and the ligands (oleylamine, adamantane carboxylic 

acid) will affect their outer ligand shell but not their direct ligand shell,, thus showing 

more dependence on the copper precursors than in the case of nickel.    
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Figure 3.26. The diagram shows the influence of different precursors of Pt and Cu on the nanoparticle’s 

edge length. 

 

 

Figure 3.27. Graph shows the percentage of platinum in the bimetallic nanoparticles as of the result of the 

precursors used for platinum copper. 
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Figure 3.28. Ultraviolet and visible spectroscopy of the copper precursors dissolved in oleylamine and 1-

adamantane carboxylic acid with toluene.  

 The Shape and Size Trend for Pure Pt Nanoparticles Formed by Pt 
Acetylacetonates, Chlorides and Bromides  

 

The size controlling aspect of the different precursors were also tested for pure Pt 

nanoparticles to compare to the observations with the nanoalloys of Pt-Ni and Pt-Cu 

(Figure 3.29). The synthetic parameters were kept the same, except that platinum was 

added to replace the amount of nickel or copper precursor that would normally be used. 

The platinum nanoparticles average size of 5 ± 1 nm formed with Pt(acac)2, 8 ± 1 nm with 

PtCl2, 7 ± 1 nm with PtCl4, 10 ± 2 nm with PtBr2 and 9 ± 1 nm for PtBr4. The particle size 

increases from Pt(acac)2<PtCl4<PtCl2<PtBr4<PtBr2 and thus, this trend is not the same as 

that of the Pt-Cu and Pt-Ni nanoparticles (Figure 3.17 and Figure 3.26). It was found that 

the trend for platinum alone follows that of the halide stability of the platinum 

complexes.200 Nevertheless, the findings from Yang et al. work in polar solvents77 show a 

reversed effect from the Pt(IV) to Pt(II) in solution to our study (i.e. in non-polar solvents) 

and is thought to be because of the stability of the Pt(IV) ion vs. the Pt(II) ion in non-polar 
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solvents. While only half of pure platinum would be reduced, the influence of the 

secondary metal would be obvious in which a rapid re-oxidation of the reduced nickel or 

copper atoms due to the difference in the standard reduction potentials of platinum, 

nickel and copper. 

 

Figure 3.29. BF-TEM micrographs of the Pt nanoparticles particles formed with A) Pt(acac)2, B) PtCl2, C) 

PtCl4, D) PtBr2, and  E) PtBr4 as the precursors respectively. 

 The Explanations of What Have Been Seen in Both Cases: Pt-Ni and 
Pt-Cu Nanoalloys 

 

The facets in the Pt-Cu and Pt-Ni octahedra were found to be resembling an uneven 

facet structure especially in the nanoparticles synthesized with the bromide precursors. 

It is therefore assumed to occur due to the highest concentration of bromide ions in the 

solutions. Researchers found that with Pt-Ni octahedral nanocrystals, etching process 

occurred into the {111} facets when the particles were exposed to oxygen, 116,118,201 and 
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halide containing solvents were utilized.116,118 literature studies commonly reported 

halides as etchants in the existence of oxygen.202,203 Moreover, bromide ions have been 

reported to engrave noble metals, such as gold.204,205 However, the effect of these 

etchants can be minimized by conducting the reaction under oxygen-free environment 

by flowing nitrogen (Figure 3.30); thus, the uneven surface structure is well-thought-out 

to originate from the oxidative etching by the O2/Br- pair. Nevertheless, a higher-energy 

surface would be created from the surface indentations which is usually better for 

chemical reactions than the clean {111}-facets.118,201  

 

Figure 3.30. A-D) Images of Pt-Cu synthesized with PtBr4 and CuBr2 under degassed conditions with 

nitrogen, the particles show a very minimal degree of facet roughness compared to the non-degassed 

synthesis which is illustrated by the red arrows in A) and B). 

The segregation of a metal to the shell in the nanoparticles was seen in this study 

with the creation of a Pt-rich shell. This behavior was reported in literature in the 

dealloying of Pt-Cu nanoparticles 15 and etching of Pt-Ni nanooctahedra.115,116,185,187 In 

single-step reactions for making nanoparticles, the surface enrichment could happen 
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because of the following: a consecutive nucleation process of one element before the 

other,206 adsorbate induced surface segregation,206 a galvanic replacement process206,207 

or the etching process to one of the elements. In this study, atoms restructuring at the 

surface because of the use of carbon monoxide (CO) as adsorbate as well as the galvanic 

replacement and oxidative etching of the nanoparticles by Ptn+ species in solution is 

postulated to be taking place. For example, the utilization of CO gas has previously been 

considered as factor for atoms segregation which is thought to favor Pt atoms due to the 

strong Pt-CO bond.208 Also, the use of less noble metals such as Cu and Ni would be prone 

to galvanic replacement by the Ptn+ ions and possible oxidative etching in solution.15,116 In 

this case, the lower chemical stability and difference in reduction potential of Cu and Ni 

would cause these metals to be etched away at the nanoparticles surface. Because of the 

positive segregation energy to the surface for Pt in Pt-Cu nanoparticles, the larger amount 

of segregation for Cu into the core would be.209 

The studied nanoparticle systems demonstrate that alloying of the metals are still 

taking place even when changing the reduction kinetics of the metal precursors 

separately. The reason behind this formation is hypothesized to be due to the diffusion 

of the elements and possbly because of the interchange between the different metal 

precursors in solution via galvanic replacement over the cousre of the reaction. 

Theoretically, Pt(II) could oxidize the Ni(II) or Cu(II) reduced atoms into the solution via 

the consequences of galvanic replacement but as compared with the Pt(IV) precursor 

the amount of oxidized copper or nickel atoms is more (i.e. twice) than that of Pt(II), as a 
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result decreasing the number of initial nuclei. In conclusion, the equilibrium between M0 

and Mn+ would be changed depending on the type of halides used in the reaction and 

the reduction process would be reduced in which the re-oxidation of the metals into 

solution would take over. The findings of Mirkin et al. with gold when using halids 

agreed well with our findings, where the halide ligands form compounds that decrease 

the reduction rate of the platinum precursors by decreasing reduction potentials.74,76  

Contrary to the reports on nanomaterials in literatures deal with halides,74,76 the 

effect of the halides on the surface faceting and residual halides on the surface were not 

observed (Figure 3.31). This might be because the amount of halides added is much less 

by three times to the amount of the carbon monoxide produced by W(CO)6. However, 

the surface enrichment was clearly detected due to the large influence from the halide 

ligands on the elemental composition and the etching process upon the evolvement of 

the O2/Br- pair in all the nanoparticles systems. 
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Figure 3.31. EDS spectra of PtCu-Cl (A) and PtCu-Br (B) showing no Cl (2.621 keV) or Br (1.480 keV) peaks in 

the spectra above the detection limit. The carbon comes from the carbon grid and the tungsten would come 

from a small amount of residual tungsten left in the solution from the tungsten carbonyl. C and D are EELS 

spectra of PtCu-Cl and PtCu-Br respectively, and the Cl L edge and Br L edge are below the detection limit 

of EELS. The carbon K edge is seen with an onset around 283 eV and the oxygen K edge is seen with an onset 

around 530 eV. 

 The Proposed Growth Mechanism of Pt-Cu and Pt-Ni Nanoparticles  

In the nucleation and growth processes of nanoparticles, there are five major ways 

ligands of the metal precursors and organic surfactants could act which are well-

explained by Ortiz and Skrabalak. These five ways were compared to the observed 

effects in this study. These are by (i) affecting the coordination of the metal centers 

determining the initial stability of the reduction, (ii) the coordination to the growing 

surface of the nanoparticle affecting its colloidal stability, (iii) the coordination to the 

surface determining the atom addition and thus facet stability, (iv) the possible ability for 

the surfactant or ligand to act as a reducing agent or (v) as an oxidative etchant.190 In this 

study, it was well described that the initial ligands for the metal precursors determine 

the initial stability of the metal center for platinum and copper precursors and not the 

nickel. This appears to be because the ligands stabilizing of the nickel were displaced by 

the oleylamine and carbon monoxide. These two adsorbates would govern the particles 

stability and also control the surface interactions for the growth direction and reducing 

power of the nanoparticles. The halides are predicted to mainly act as an oxidative 

etchant with the help of oxygen for shifting the equilibrium of the metal species as 

shown in Figure 3.32.  
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Another effect is the ability of the halides to oxidize the metal atoms back into 

solution. It is hypothesized that in the presence of halides the initial nuclei become less 

stable therefore only larger nuclei can exist long enough to grow. This also reduces the 

number of nuclei that form leading to larger particles. Similar effects have been reported 

by altering the stability of the growth solution with surfactants176,189,210 or 

temperature.122 The etching would mean that the M0 nuclei and Mn+ ions would be in 

equilibrium in solution (Figure 3.32, phase I). The M0 nuclei would be the most stable 

without halides present and the least stable with the larger halides which are observed 

to be stronger etchants. Growth from the large amount of small nuclei would form 

smaller particles and the opposite true with the halides where the growth occurs on a 

small amount of large nuclei (Figure 3.32, phase II). The shift in metal stability is due to 

the hard chloride ions binding strongly to the hard copper and nickel ions and the softer 

halides (bromide and iodide) binding more strongly to the soft platinum atoms. The 

equilibrium is shifted more strongly towards the ions by the larger halides as they 

destabilize the platinum and once the copper or nickel are reduced to M0 the platinum 

would galvanically oxidize.211 The bromide ion would be able to dissolve the platinum 

from the particles and thus lead to greater rearrangement on the particles surface than 

is seen with the chloride (Figure 3.32, phase III). Finally particles are not formed with the 

iodide precursors and this is hypothesized to be due to it shifting the equilibrium 

towards the precursors and the iodide binding too strongly to the platinum ion for it to 

be reduced. 



154 
 

 

Figure 3.32 Growth schematic of Pt-M alloys showing the shifting equilibrium between solution and nuclei 

with different halide amounts in solution (Phase I). Phase II shows the growth phase and Phase III shows 

the surface etching and platinum enrichment. 

 

3.4 Conclusion 

We have successfully implemented a synthesis strategy that allows both the control of 

the nanoparticle size and the degree of surface segregation of the Pt alloy nanoparticles 

produced. The size controlling factors of oleylamine content and total metals 

concentration were found to have limited effectiveness to control the nanoparticle size 

in this system. Also, temperature and different amines as surfactant showed limited 

effect on controlling the size of nanoparticles. However, better size distribution and 

shape control were observed at temperature ranging from 200-220 °C and when using 1-

adamantanecarboxylic acid as stabilizer. Developing methods to control the size were 

seen to be most sensitive to the type of carbonyl, and the precursors used. The 

precursors were an incredibly important parameter as it showed a high degree of 

ubiquity and sensitivity within changing a single parameter. This can be achieved by 
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selecting the ligand shell (organic or halides) of the precursors used in the reaction. This 

approach is easily adapted for industrial scale as it can be operated continuously to 

achieve the desired production. There is an excellent ease of particle size tuning as we 

have achieved 3 – 16 nm upsizing for PtCu and 4 – 11 nm upsizing for PtNi. The order of 

ligands for particle size increment is Br >Cl> acac in all cases and when altering from 

Pt(IV)>Pt(II) in the bimetallic nanoparticle systems. The size of the nanoparticle shows 

more sensitivity to the Cu precursor than that of Ni and this is assumed to be due to the 

oleylamine knocking out the halides before the reaction. Meanwhile, it is interesting to 

note that the size and the surface composition of the nanoparticle were controlled by 

the selection of ligands around the metal precursors while the carbon monoxide 

dominates the formation of the surface facets. The surface enrichment of platinum on 

the Pt-Cu and Pt-Ni nanoparticles was seen to be occurring in the larger octahedra 

formed with the halide precursors. Also, the indentations on the {111} planes of the 

octahedra which leads to an open surface structure are due to the use of bromides as 

ligands in the metal precursors in the presence of oxygen. The precursor effect is 

observed in both Pt-Cu and Pt-Ni nanoalloys and is expected to be because of the 

galvanic replacement process happening in solution and the difference in the reduction 

potentials between Pt and Ni or Cu. We introduce a robust approach to controlling the 

size and surface rearrangement of metallic nanoalloys by the use of different metal 

precursors with different ligands such as acetylacetonate and halides. 
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Chapter 4 : Highly Efficient fcc Pt-Ru Nanoparticles for the OER in Acidic 
Electrolytes 

4.1. Study Objectives  

A major challenge in designing state-of-the-art Ru-based catalysts for the oxygen 

evolution reaction (OER), which is a key step in water splitting, is the poor stability and 

surface tailorability of these catalysts. Thus, the objective of this study is to synthesize a 

stable and active Ru-based nanocatalyst towards the OER. In addition, the production of 

these nanomaterials at large scale were made by utilizing the flow chemistry. In this 

chapter, we designed rapidly synthesizable size-controlled, morphology-selective, and 

surface-tailored platinum-ruthenium core-shell (Pt@Ru) and alloy (PtRu) nanocatalysts 

in a scalable continuous-flow reactor as shown in Figure 4.1. These core-shell 

nanoparticles with atomically precise shells were produced in a single synthetic step 

with carbon monoxide as the reducing agent. By varying the metal precursor 

concentration, a dendritic or layer-by-layer ruthenium shell can be grown. The catalytic 

activities of the synthesized Pt@Ru and PtRu nanoparticles exhibit noticeably higher 

electrocatalytic activity in the OER compared to that of pure Pt and Ru nanoparticles. 

Promisingly, Pt@Ru nanocrystals with a ~2-3 atomic layer Ru cuboctahedral shell 

surpass conventional Ru nanoparticles regarding both durability and activity. Noted that 

most of this work has been published in Physical Chemistry Chemical Physics.212 Also, 

some of this work was supported and conducted by Dr. Joya who helped with 

electrochemisty part, Dr. LaGrow who is a specialist in electron microscopy and Dr. 

Losovyj who supplied the XPS-depth profiling measurements. 
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Figure 4.1. Schematic illustration showing the process used in the synthesis of Pt-Ru nanoparticles and bar 

graph comparing the stability of various type of Pt-Ru nanoparticles and their individual metals toward OER. 

4.2. Introduction 

Water splitting has received considerable attention from researchers because it can 

provide a renewable route for the production of hydrogen, which is the cleanest form of 

combustible energy. However, the oxygen evolution half-reaction (OER) (2H2O ⇌ O2 + 

4H+ + 4e- in acid solutions) is currently a major bottleneck in the water splitting scheme 

because it requires high energy for its initiation and induces rapid degradation in the 

currently available catalytic materials.213-217 Metallic ruthenium (Ru) and/or ruthenium 

oxide (RuO2) nanoparticles are the state-of-the-art catalysts that exhibit the lowest 

overpotentials for this reaction. This low overpotential is due to their weaker interaction 

with the oxygenated species under the OER electrochemical conditions.4,218-220 However, 

these optimal nanoparticles still exhibit low stability during the electrooxidation of 

water.4,219,221,222  

 One method for tailoring the stability and catalytic activity of nanoparticle 

catalysts involves controlling their size and shape of nanoparticles with particular facets 
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exposed, that exhibit increased stability and activity. Another method that is commonly 

used for the same purpose involves alloying or shelling the active nanoparticle material 

on another metal, which may result in improved catalytic performance over the single 

metal nanoparticles due to catalytic synergy between the combined metals.223-225 For 

example, by alloying Ru with Pt, lower overpotentials and a higher activity was achieved 

for the OER, methanol oxidation reaction (MOR) and the hydrogen oxidation reaction 

(HOR).19,29,226-230 Recent research has demonstrated that further increases in the 

catalytic activity can be achieved by controlling the morphology of the nanoparticles to 

form Pt@Ru core−shell nanomaterials. This improvement is due to the introduction of 

an uncommon phase and new active sites (i.e., the interfacial sites).231,232 However, 

there is still a limited understanding of the stability of these nanoparticle species and 

how to tailor the surface and shell thickness to form catalysts with a high stability and 

high catalytic activity. 

 For commercial viability, these catalysts must be not only highly active and 

stable but also readily reproducible on a large scale. Unfortunately, the previously 

reported syntheses for making platinum-ruthenium core-shell nanocrystals with 

different sizes and shapes were carried out in batch preparations, and most of these 

processes required multiple steps.229,230,233 As a result, these nanoparticle systems are 

inherently difficult to scale-up because of the sensitivity of their growth kinetics towards 

changes in the experimental parameters including the method of introducing the 

starting materials and temperature as well as chemical gradients across the system due 

to increased reaction volumes.121 Recently, the use of continuous-flow synthesis has 
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shown great promise in overcoming these previously mentioned challenges for metal, 

bimetallic and quantum dot nanomaterials.122,129,130,147,177,234 

 In this study, we designed rapidly synthesizable, size-controlled, morphology-

selective, and surface-tailored platinum-ruthenium core-shell (Pt@Ru) and alloy (PtRu) 

nanocatalysts in a scalable continuous-flow reactor. We demonstrate that the particle 

size and shape can be intricately controlled by the temperature, total metal 

concentration, and gaseous reducing agent (carbon monoxide). In addition, we 

demonstrate the ability to tailor the growth of the ruthenium shell to form dendritic or 

layer-by-layer (~2-3 layers) shells on platinum seeds by varying the total metal 

concentration. By controlling the Ru shell surrounding the Pt core, the stability and 

activity of the nanoparticles were enhanced in an acidic solution for OER 

electrocatalysis. Promisingly, the Pt@Ru nanocrystals with cuboctahedral shells (~2-3 

layers) were highly active and extremely stable compared to the alloy and conventional 

Ru nanocrystals. 

4.3. Results and Discussion 

All chemicals are similar to the ones in the Pt-Ni and Pt-Cu systems except that 1-

adamantanecarboxylic acid was not used because it has no effect in the synthesis of Pt-

Ru nanoparticles. Noted that toluene was used in order to increase the solubility of the 

Ru-precursor and reduce the viscosity of the solution and ease the flow of the solution 

inside the tubing of the continuous-flow system.  
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4.3.1 The Effect of Temperature on the Formation of Pt-Ru Nanocrystals 
 

We have conducted a series of reactions to make Pt-Ru nanoparticles at different 

temperatures where the other chemical reagents kept unchanged. Pure Pt nanoparticles 

was observed in the attempt to synthesize Pt-Ru nanocrystals at temperature from 200-

220 ᵒC as the EDS results showed only Pt and the shape is cubes for both particles 

(Figure 4.2 A-C) and at 240 ᵒC  the shape is mixture of cubes and irregular particles with 

Pt:Ru ratio of 90% : 10%. Figure 4.2 D shows that Pt-Ru nanoparticles were formed at 

300 ᵒC with almost a cuboctahedral shape. Thus, in order to form the Pt-Ru 

nanoparticles continuously, high temperature of 300 ᵒC was required because at lower 

temperature the ruthenium and platinum were seen to nucleate separately and/or 

ruthenium does not seem to be reduced (Figure 4.2). The reaction was run at a pressure 

of 30 bar, keeping the toluene as a liquid and the generated carbon monoxide gas in 

solution.  
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Figure 4.2. TEM images of particles formed at A) 200 ᵒC, B) 220 ᵒC, C) 240 ᵒC and D) 300 ᵒC.     

4.3.2 The Effect of Total Concentration of Oleylamine as a Surfactant 

We have varied the oleylamine concentration in the synthesis of Pt-Ru at 300 ᵒC. We 

have introduced 10, 20, 40 and 100 molar equivalent of oleylamine into the reaction. 

The average particle size of Pt-Ru nanoparticles was found to be 3.8 ± 0.5 nm with 10 

molar equivalents, 4.3 ± 0.5 nm with 20 molar equivalents, 6.2 ± 0.7 nm with 40 molar 

equivalents and 5.6 ± 0.5 nm with 100 molar equivalents (Figure 4.3). The improvement 

in the shape was observed at higher volume of oleylamine specifically at ≥ 40 molar 

ratio as shown in Figure 4.3 C and D. At exactly 100 molar equivalent of oleylamine, the 

cubocahedral shape was clearly seen which means the nanoparticles are enclosed by 

{111}- and {100}-facets (Figure 4.3 D inset).   
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Figure 4.3. TEM images of Pt-Ru nanoparticles formed with A) 10, B) 20, C) 40, and D) 100 molar equivalents 

of oleylamine.   

 The Effect of Initial Total Concentration of Metal Precursors  

The concentration of precursors in the system is an important factor in controlling the 

size of nanoparticles. Thus, the total concentration of the system was varied from the 

standard concentration (22 mM) to a reduced 3.6 times the standard concentration (6 

mM) and a concentration in between (14 mM) to look at its effect on the size. However, 

it was found that the shape was changed and the sizes were comparable (Figure 4.4). 

The particles are seen to be 6.3 ± 0.6 nm for the lowest concentration (Figure 4.4 A), 5.9 

± 0.8 for the mid concentration (Figure 4.4 B) and 5.7 ± 0.7 nm for the standard 

concentration (Figure 4.4 C). The morphology of the Pt-Ru nanoparticles was a core-
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shell for all samples as shown in Figure 4.4. However, the Pt-Ru nanoparticles in 

Figure 4.4 B was found to be a mixture between the samples of highest and lowest 

concentration. Whereas, Pt@Ru core-shell nanoparticles in Figure 4.4 A & C have their 

distinct shape which consist of Pt in the core with a dendritic and cuboctahedral Ru 

shell, respectively. Thus, we continue to study both concentrations the highest and 

lowest. The results suggested that changing the concentration has no prominent effect 

on the final size of Pt-Ru nanoparticles; but it has a great influence in the final structure.  

 
Figure 4.4. TEM images of Pt-Ru nanoparticles prepared with (A) 6 mM, (B) 14 mM and (C) 22 mM metals 

concentration.  

 The Effect of not Using W(CO)6 as Reducing Agent  

We prepared the nanoparticles without W(CO)6 to see its effect on the nanoparticles. 

Interestingly, we observed that in the absence of W(CO)6 the structure of Pt-Ru 

nanoparticles was changed to a random alloy (Figure 4.5). Also, we found that the final 

size of the nanoparticles was comparable to the core-shell ones with 4.6 ± 0.5 nm. We 

continue to study this system with the above-mentioned ones.   
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Figure 4.5. TEM image of Pt-Ru nanoparticles prepared without W(CO)6 and with 6 mM metals 

concentration. 

 

4.3.5 The Synthesis and Characterization of Pt-Ru Core-Shell and Alloy 

Nanocrystals  

In this section, we have extensively studied the three distinct structures of platinum-

ruthenium nanoparticles formed by the optimized conditions. These systems are Pt-Ru 

alloy and Pt@Ru core-shell nanoparticles with a cuboctahedral and dendritic shell as will 

be discussed in details.  

In order to illustrate the difference in the shape, size and composition for the 

three systems of Pt-Ru nanoparticles, transmission electron microscopy (TEM) and high-

angle annular dark field scanning transmission electron microscopy (HAADF-STEM) were 

utilized. Figure 4.6 (i) A-C shows the monodispersed nanoparticles of Pt@Ru with a 

cuboctahedral shell (Pt@RuCuboctahedral), dendritic shell (Pt@RuDendritic) and PtRu alloy 

(PtRuAlloy), respectively. The average size of Pt@RuCuboctahedral (~Pt61Ru39) was 5.7 ± 0.6 

nm (Figure 4.6 (i) and Figure 4.7 A & D and Table 4.1), the average size of Pt@RuDendritic 
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(~Pt63Ru37) was 6.1 ± 0.6 nm (Figure 4.6 (i) and Figure 4.7 B & E and Table 4.1), and the 

average size of PtRuAlloy (~Pt62Ru38) was 4.2 ± 0.4 nm (Figure 4.6 (i) and Figure 4.7 C & F 

and Table 4.1). The average shell thicknesses obtained from multiple particles and parts 

of the cuboctahedral and dendritic shells were 0.7 ± 0.2 nm and 1.8 ± 0.3 nm, 

respectively, as shown in Figure 4.6 (i) D and E and Table 4.1. The final composition was 

approximately identical for all the platinum-ruthenium nanoparticles and was slightly 

rich in platinum compared to the starting ratios.  

 To illustrate the formation of facets and elemental segregation, high-angle 

annular dark field scanning transmission electron microscopy (HAADF-STEM) analysis was 

conducted, and the results are shown in Figure 4.6 (i) D-F. The HAADF-STEM micrographs 

were colored using the 16-color palette to enhance the Z-contrast of the images. 

Pt@RuCuboctahedral exhibited an intense core of red and white colored atoms with 2-3 layers 

that are a lighter blue color, which is not expected to be due to thickness variations 

(Figure 4.6 (i) D). The core of the Pt@RuDendritic nanoparticle is red, indicating a much 

higher Z-contrast. Therefore, the core is predicted to be rich in platinum (Figure 4.6 (i) E), 

and the light blue shell is rich in ruthenium (Figure 4.6 (i) E). The alloy shows an intensity 

variation that is similar to what would be expected for thickness variations across a 

cuboctahedral nanoparticle (Figure 4.6 (i) F). The Pt@RuCuboctahedral and PtRuAlloy 

nanoparticles were enclosed by the low index {111} and {100} facets (purple lines in 

Figure 4.6 (i) D and F), and the Pt@RuDendritic possessed a high density of edge and step 

sites in its shell, indicating that it has a high-energy surface structure (Figure 4.6 (i) E). All 
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of the nanoparticles were viewed down the [110] zone axis of the fcc crystal structure. By 

using digital micrograph, the fast Fourier transforms (FFTs) of Pt@RuCuboctahedral, 

Pt@RuDendritic and PtRuAlloy were generated from HR-STEM images of their single 

nanoparticle in Figure 4.6 (ii) A-C. These FFTs were taken from the area in red boxes and 

indexed to the [110] zone axis (Figure 4.6 (ii)). They show the low index facets and lattice 

spacing of Pt-Ru nanoparticles which were marked by red lines and circles (Figure 4.6 (ii)). 

 

Figure 4.6. i) Bright-field TEM micrographs of A) Pt@RuCuboctahedral, B) Pt@RuDendritic and C) PtRuAlloy. D-F) 

HAADF-STEM images of A-C, respectively, using a 16 color filter in ImageJ to show the Z-contrast intensity 

variations. ii) High-resolution STEM images of the single particle of A) Pt@RuCuboctahedral, B) Pt@RuDendritic 

and C) PtRuAlloy that were shown in (i). The FFT’s were taken from the areas shown in the red boxes. The 

FFT’s are indexed to the [110] zone axis. The corresponding lattice spacings are marked by red lines and 

circles. 
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Table 4.1. The particle and shell size of platinum-ruthenium nanocrystals extracted from 
HAADF-STEM images and XRD profiles by applying the Scherer formula. Also, the average 
compositional ratio of platinum and ruthenium from EDS analysis in Figure 4.7. 

 
 

 

Figure 4.7. EDS Spectra of the A) Pt@RuCuboctahedral, B) Pt@RuDendritic and C) PtRuAlloy nanoparticles. D-F) The 

average size distribution of all nanoparticles. It should be noted that carbon, oxygen, silicon and copper 

signals are coming from the TEM carbon-covered copper grids.  
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 To determine whether the nanoparticle intensity variations corresponded to 

elemental variations, STEM-EDS spectrum imaging was carried out. Figure 4.8 A-C shows 

the HAADF-STEM images of the nanoparticles used for the STEM-EDS mapping of the 

Pt@Ru and PtRu nanoparticles. For both Pt@Ru nanostructures, the EDS Pt L-edge is 

shown in red, and the EDS Ru L-edge is shown in green (Figure 4.8 E-F and I-J). The overlap 

of the two spectra indicates a core-shell structure (Figure 4.8 G and K). For the alloy, the 

Pt and Ru signals overlapped completely (Figure 4.8 M-O), which is in good agreement 

with the HAADF-STEM images.  

 

Figure 4.8. HAADF-STEM images of A) Pt@RuCuboctahedral, B) Pt@RuDendritic, and C) PtRuAlloy. D-O) EDS 

mapping of elemental distributions of each corresponding Pt-Ru single particle.  

 As a complementary technique, XPS was utilized to confirm all the nanostructures. 

The XPS depth profiling measurements were in good agreement with the HAADF-STEM 

and STEM-EDS spectrum imaging results for the three nanostructures shown in Figure 4.8. 
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The profiling of the platinum-ruthenium nanoparticles supported on a Si substrate was 

performed by subjecting the sample to Ar+ sputtering and monitoring the Pt 4f, Ru 3p3/2 

and C 1s core level peaks as a function of time. During the initial stages of depth profiling 

for the Pt@RuDendritic nanoparticles, a rapid decrease in the “C” signal intensity was 

observed, and the intensity of the peaks corresponding to Pt and Ru increased sharply. 

This rapid decrease in the C signal was due to the removal of the capping agent. During 

the later stages (after approximately 1 min of profiling), the intensity of the Ru signal 

reached its maximum followed by a steady decrease, and the Pt signal continued to 

increase to its maximum after 30 seconds (Figure 4.9). These results are indicative of the 

core-shell structure of nanoparticles comprised of a Ru shell and Pt core. A similar trend 

was observed for the Pt@RuCuboctahedral nanoparticles (Figure 4.9) even though the effect 

was less pronounced due to the small size of the Ru shell. The signal intensity of Pt and 

Ru for the Pt@RuAlloy nanoparticles reached a maximum at nearly the same time, 

suggesting that the nanoparticles are alloys (Figure 4.9). 
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Figure 4.9. XPS depth profiling of the Pt-Ru nanostructures. Purple and pink lines show the maximum 

composition peak for Pt and Ru. This result was supplied by Dr. Losovyj.  

 In order to determine the crystal structure of the Pt-Ru nanoparticles, XRD was 

performed. XRD patterns indicate that all the nanocrystals exhibit an fcc crystal structure 

as shown in Figure 4.10. The (111) peak for all the nanoparticle systems was shifted 

toward higher 2θ values compared with that of pure Pt. The shift to higher 2θ values was 

due to alloying of PtRuAlloy as well as the compressive strain from the ruthenium shell on 

the platinum core.235 The XRD patterns also reveal information regarding the average 

crystallite size, which was calculated using Scherrer’s equation. The average crystal sizes 

were calculated to be 4.6, 6.2 and 3.2 nm for Pt@RuCuboctahedral, Pt@RuDendritic and 

PtRuAlloy, respectively (Table 4.1). No characteristic hcp peaks for pure Ru were detected 
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in the pattern (Figure 4.10). In addition, only one phase was observed for PtRuAlloy and 

Pt@RuCuboctahedral. For the Pt@RuDendritic nanoparticles, an asymmetry in the peaks 

towards higher 2θ values was observed and fit177 to a 2.3 nm shell, which is in good 

agreement with the shell values measured from the STEM images. The cuboctahedral 

shell of the Pt@Ru nanoparticles was not detected, which is expected for a shell size less 

than 1 nm.236 

 
 

Figure 4.10. XRD patterns of the Pt-Ru nanoparticles. The blue and black dashed lines correspond to the fcc 

Pt(111) and Ru(111) peak, respectively.  

4.3.6 The Effect of Residence Time in the Synthesis of Alloyed and Core-

Shell Pt-Ru Nanocrystals 

The reactions for the Pt@Ru systems were performed at different residence times to 

study their formation (Figure 4.11). The core-shell nature of the nanoparticles had 

begun to develop within 30 seconds (Figure 4.11 A and E), and the particles reached a 
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high degree of uniformity by 2.5 minutes (Figure 4.11 C and G). The dendritic system 

had a slower addition of Ru compared with the cuboctahedral system. For the alloys, Ru 

began to be incorporated after 1 minute, and then, it was alloyed into the structure by 1 

minute (Figure 4.11 J-L and  

Table 4.2). The carbon monoxide appears to restrict the ability of the nanoparticle to 

alloy and facilitate the reduction of Ru more rapidly on the surface of the Pt core. 

 
 

Figure 4.11. Time-resolved TEM images of A-D) Pt@RuCuboctahedral, E-H) Pt@RuDendritic and I-L) PtRuAlloy  

nanoparticles at 30 seconds, 1 minute, 2.5 minutes and 10 minutes respectively. 

Table 4.2. The average compositional ratio of platinum and ruthenium from EDS 

analysis.  
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4.3.7 The Synthesis of Pure Pt and Ru Nanocrystals at Standard Reaction 

Condition  

The difference in the formation of the Pt@RuCuboctahedral and Pt@RuDendritic nanoparticles 

was due to the concentration variation of the metal precursors. The other major 

parameter that affected the growth was the carbon monoxide gas. To investigate the 

distinct growth patterns, the pure elements were studied to understand the effect of 

each component during the synthesis. For pure Pt synthesized at high concentrations 

with carbon monoxide, monodisperse cuboctahedral Pt nanoparticles were observed 

(Figure 4.12 (i) A). For lower concentrations, the particles were polydispersed in both 
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size and shape with irregular growth (Figure 4.12 (i) B). Without carbon monoxide, the 

Pt nanoparticles were polyhedral (Figure 4.12 (i) C). The HR-TEM images indicate the 

formation of smaller and low index faceted particles when a higher concentration of the 

metal precursors was used. However, larger irregularly shaped Pt nanoparticles were 

formed when a lower metal concentration was used (Figure 4.12 (ii) A & B). In the 

absence of CO, the Pt nanoparticles have a mixture of cuboctahedral and spherical 

morphologies (Figure 4.12 (ii) C). For the Ru nanoparticles, Figure 4.12 (i) D-E shows the 

formation of branched Ru in the presence of CO at high and low metal concentrations, 

respectively. In the absence of CO and at low metal concentrations, Ru forms small 

nanoparticles, as shown in Figure 4.12 (i) F. It is important to note that for ruthenium, 

the reduction required more than 2.5 minutes to form nanoparticles but nanoparticles 

were observed by 30 seconds for platinum.  
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Figure 4.12. (i) Pt and Ru nanoparticles prepared under the standard conditions with two different 

concentrations in the presence of CO A&D) 11 mM and B&E) 3 mM, respectively. C&F) are the Pt and Ru 

nanoparticles in the absence of CO with a 3 mM concentration. (ii) High-resolution TEM images of A) Pt 

cuboctahedra, B) Pt nanoparticle with random shapes (irregular) and C) Pt polyhedral shape that were 

shown in Figure 4.12 (i). 

 

4.3.8 The Proposed Growth Mechanism of Pt-Ru Nanoparticles   

Based on the results for the ruthenium alone, small discrete nanoparticles were formed 

in the absence of carbon monoxide, and larger aggregated or branched structures were 

formed in the presence of carbon monoxide. Therefore, carbon monoxide may 

destabilize ruthenium and facilitate the formation of high-energy surfaces. For platinum, 

the carbon monoxide also facilitated the growth of larger particles as well as irregularly 

shaped particles at lower concentrations. The concentration of the initial metals in the 
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solution affected the formation of the platinum seeds as well as the formation of the Ru 

shell, which is similar to previous results with core-shell nanoparticles where the seeds 

control the shell structure.237,238 The formation of larger Pt seeds with no shape control 

resulted in fewer seeds in solution, and therefore, thicker Ru shells grew on the 

irregularly shaped Pt nanoparticles. For the smaller cuboctahedral seeds, the growth 

occurred via a layer-by-layer growth mechanism with the close matching of the 

ruthenium in its less common fcc crystal structure (Figure 4.13).239 103 The appearance of 

the fcc crystal structure of ruthenium may be due to Ru templating onto the fcc Pt core 

and having almost a similar d-spacing in both core-shell systems (Figure 4.13).232 As the 

ruthenium shell becomes thicker, the higher-energy surfaces that are favored by the 

ruthenium synthesized in the presence of carbon monoxide would control the core-shell 

surface structure.   

For the formation of the alloy, in the absence of carbon monoxide, the ruthenium and 

platinum readily alloy despite the difference in the reduction speeds. The alloying of 

platinum and ruthenium, which has been previously reported, is due to diffusion of 

ruthenium into the originally nucleated platinum seeds.240,241 Carbon monoxide, surface 

binding adsorbate, has been an important factor in phase segregation in alloy 

nanocrystals.82,242-244 We hypothesized that the addition of carbon monoxide hinders 

the formation of the platinum-ruthenium alloy because it binds more strongly to Pt as it 

is reduced. As a result, a more favorable bond to CO will be formed, promoting the 

reduction and growth of Ru on the Pt surface. Therefore, the Ru surface growth occurs.  
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Figure 4.13. The growth mechanism of Pt@Ru core-shell nanocrystals (modified from ref 102 and 

245).102,245  

4.3.9 The Electrochemical Characterization of Alloyed and Core-Shell Pt-

Ru and Pure Pt and Ru Nanoparticles  

The electrochemical oxygen evolution performance of the Pt@Ru core-shell, PtRu alloy, 

Pt and Ru nanoparticles were evaluated on anodic FTO-coated glass substrates.  

Figure 4.14 shows the cyclic voltammetry (CV) measurements of the Pt@Ru core-shell, 

PtRu alloy, Pt and Ru nanoparticles in a potential window from -0.05 V to 1.45 V vs. 

normal hydrogen electrode (NHE). The CVs were performed in two electrolytes (i.e., 

HClO4 and H2SO4, 0.1 M, pH = 1.00 and 0.96, respectively), as shown in  

Figure 4.14 A-B. For Pt, the commonly voltammetric features, such as the H-deposition 

between 0.05 and 0.20 V and Pt hydroxide peak at approximately 0.65 V, were 

observed. The Ru nanoparticles exhibit no characteristic peaks and produced a 

featureless CV.219,232,246 The CV of PtRuAlloy contained two voltammetric features 

between 0.05 and 0.20 V and a bump at 0.6 V, which was shifted by 0.1 V to lower 

potential compared to that of pure Pt ( 
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Figure 4.14 A). For Pt@RuDendritic and Pt@RuCuboctahedral, the CV exhibited broader and 

smoother voltammetric features, which are associated with the existence of pure Ru at 

the surface. 

We extrapolate the OER onset potential for the nanoparticles in this study at a 

point where the anodic current reaches ≈ 0.1 - 0.2 mA. The studied Ru and Pt 

nanocrystals exhibited onset of the water oxidation current at approximately 1.35 V (vs. 

NHE) and 1.39 V (vs. NHE), respectively, as shown in Table 4.3. In HClO4, the Ru sample 

is more efficient compared to the Pt sample with a lower OER onset potential (Figure. 

23 A). Pt@RuDendritic and PtRuAlloy exhibited better catalytic performance than Ru with a 

slightly lower potential for the initiation of the water oxidation reaction ( 

Figure 4.14 A & Table 4.3). The Pt@RuCuboctahedral-based electrocatalyst 

outperformed all the other catalytic systems in this study and exhibited an OER onset at 

only 1.31 V vs. NHE, as shown in Table 4.3. The CVs performed in the H2SO4 electrolyte 

also exhibited a similar trend for the OER catalytic activities that increased from the 

pure metals to the alloy to the core-shell nanostructures (Pt ≪ Ru < PtRuAlloy < 

Pt@RuDendritic < Pt@RuCuboctahedral), as shown in  

Figure 4.14 B and Table 4.3. However, the catalytic currents appeared at higher 

potentials relative to those observed in the perchlorate system (Table 4.3). Therefore, 

for these catalysts, HClO4 is a better electrolyte system than H2SO4 for the OER in acidic 

environments due to the lower acidity of HClO4 compared to H2SO4.19 We have also 

tested the Pt@RuCuboctahedral nanocrystals for OER in 1M NaOH solution. Figure 4.15 
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shows the OER polarization curve of Pt@RuCuboctahedral nanocrystals where the OER onset 

potential at 1.47 V vs. RHE was achived. This Onset potential is more only by 0.1 V than 

that of the same nanocrytals in acidic media. This finding suggests that Pt@RuCuboctahedral 

nanocrystals can perform well in both electrolytes.  

Table 4.3. OER Onset Potential of the Pt@Ru, Pt-Ru, Ru and Pt Nanocrystals in Two 
Different Electrolytes. 

 

 

Figure 4.14. Cyclic voltammetry curves for the Pt@Ru core-shell (cuboctahedral and dendritic), PtRu alloy 

and pure Pt and Ru nanocrystals in 0.1 M A) HClO4 and B) H2SO4 solutions. The dashed lines are 

corresponding to thermodynamic potential for OER.  
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Figure 4.15. Polarization curve for the Pt@Ru core-shell (cuboctahedral) nanocrystals in 1 M NaOH solution. 

The dashed line is corresponding to thermodynamic potential for OER. 

In water splitting, the oxygen evolution reaction is the most energetically 

demanding reaction. Figure 4.16 shows the DFT study of the four reaction steps of OER 

and ORR which were assumed on a single metal site. In an acidic electrolytes, the four 

proton-coupled electron transfer steps of the ORR/OER can be inscribed as: 

O2 + 4H+ + 4e¯ ⇌ OOH* + 3H+ + 3e¯ 

OOH* + 3H+ + 3e¯ ⇌ O* + H2O + 2H+ + 2e¯ 

O* + H2O + 2H+ + 2e¯ ⇌ OH* + H2O + H+ + e¯ 

OH* + H2O + H+ + e¯ ⇌ 2H2O 

where * represents a metal surface site. Notably, the ORR/OER in acid and base have 

the same reaction intermediates which are OOH*, O*, and OH*. The potential 

dependence of the state are highly affected by the number of electrons in each 

intermediate step. Figure 4.16 shows the ORR/OER intermediates adsorption free 

energies at specific potentials (E vs. RHE) on platinum(111). All steps in the ORR and OER 

are spontaneous at potentials below E = 0.78 V vs. SHE and  beyond E = 2.55 V vs. SHE, 



181 
 

repectively. The formation of OOH* from O2 at the equilibrium potential of 1.23 V is 

thermodynamically difficult for the ORR while the formation of OOH* from O* is difficult 

for the OER (step A and step C in Figure 4.16, repectively). These steps are considered as 

the rate-determining steps for ORR and OER. Therefore, applying an external voltage to 

shift the potential away from 1.23 V is highly necessary for all reaction steps to proceed 

spontaneously, resulting non-zero thermodynamic overpotentials. Step B in Figure 4.16, 

the protonation of OH* was found to be the rate-limiting step on other metal surfaces 

than Pt.21 

To facilitate the kinetic demand of the four-electron oxidation of water, water 

oxidation catalysts are needed to perform over a narrow potential window to generate 

high anodic current densities.217,247-249 Therefore, a small current-potential window (the 

Tafel slope (η vs. log j)) is important for the integration of state-of-the-art 

electrocatalytic materials with high-efficiency photo-responsive materials.250,251 For the 

PtRuAlloy, Pt@RuDendritic, Pt@RuCuboctahedral and pure Ru nanoparticle-based 

electrocatalysts, Tafel plots were obtained for the CVs conducted in the 0.1 M HClO4 

electrolyte (Figure 4.17). The slopes were calculated for the respective CV current in the 

0.1–1.0 mA cm-2 region. For Pt@RuCuboctahedral and Pt@RuDendritic, the observed Tafel 

slopes were 57 and 66 mV dec–1, respectively (Figure 4.17). A Tafel slope of 67 mV dec–1 

was recorded for the PtRuAlloy nanoparticles (Figure 4.17). The pure Ru nanoparticle 

electrocatalyst, which has a relatively higher OER onset potential, produced a Tafel 

slope of 61 mV dec–1 (Figure 4.17). Pure Pt typically exhibits a high Tafel slope of 120 mV 

dec–1.252 The addition of ruthenium to the platinum nanostructures reduced the values 
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of their Tafel slopes to nearly half of the Tafel slope of pure Pt. To achieve 

electroneutrality in the reaction during water oxidation, the Tafel slope should be at 

least 60 mV dec–1, which also indicates a water oxidation mechanism involving the 

simultaneous addition of one electron and removal of one proton.248,249,253 A small Tafel 

slope of 57 mV dec–1 for Pt@RuCuboctahedral nanocrystals indicates that electroneutrality 

has been achieved, and thus these nanoparticles are active towards OER.  

 

Figure 4.16. The above panel shows A schematic of a four-step, four-electron ORR and OER mechanism on 

a metal surface, e.g. Pt(111) in acidic media. A and B denote the typical ORR rate-determining steps and C 

is for OER rate-determining step observed on different metal surfaces in DFT calculations. The below panel 

shows the computed potential energy surface for the ORR (left to right) and the OER (right to left) at 

different potentials on a platinum surface. 21 
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Figure 4.17. Tafel plots (η vs. log j) for the Pt@Ru core-shell (cuboctahedral and dendritic), PtRu alloy and 

pure Ru nanocrystals recorded in a 0.1 M HClO4 solution. 

 

It is important to note that the higher activity was due to the ruthenium on the 

surface, and the Ru in cuboctahedra is more active than that in the Pt-Ru alloy, which 

does not contain pure Ru on the surface. The high activity of the Pt@Ru nanomaterials 

may be due to the electronic effect of the electron sharing between the Ru shell and the 

Pt core.254 We propose that the electronic contribution from the platinum to the 

ruthenium is optimal when there are ~2-3 layers of ruthenium in the cuboctahedral 

shell. The alloy behaves more like platinum and has a mixed platinum and ruthenium 

surface. However, a thicker dendritic shell would have a limited electronic contribution 

from platinum and behave more like pure ruthenium. 
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The stability of the platinum-ruthenium nanostructures was examined after 5, 500 and 

1000 consecutive cyclic voltammetry scans (Figure 4.18 A and Figure 4.19 A-E). The 

working electrode potential was cycled in a range from +0.8 to +1.45 V vs. NHE at a scan 

rate of 100 mV s−1 in N2-saturated HClO4 (0.1 M, pH = 1). The original measurements 

were allowed to stabilize for five cycles, and no significant decrease in the water 

oxidation current density was observed for any of nanocatalysts during this time 

(Figure 4.18 A). After holding the electrode for 500 cycles, the water oxidation current 

density decreased by only 9% for Pt@RuCuboctahedral. The water oxidation current density 

decreased substantially to 1.13 mA cm–2, 0.53 mA cm–2, 1.03 mA cm–2 and 0.29 mA cm–2 

for the Pt@RuDendritic (by 42%), PtRuAlloy (by 72%), Ru (by 42%) and Pt (by 57%) 

nanocrystals respectively. (Figure 4.18 A). After 1000 cycles over 4 hours, the anodic 

current density decreased by an additional 6% for Pt@RuCuboctahedral to 1.61 mA cm–2. 

Whereas, the oxidation current density of Pt@RuDendritic and Ru nanocrystals decreased 

to 0.85 mA cm–2 (by 14%) and 0.84 mA cm–2 (by 11%) respectively. Finally, for PtRuAlloy 

and Pt nanoparticles, the anodic current density was below 0.43 mA cm–2 (by 5%) and 

0.11 mA cm–2 (by 27%) respectively. 
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Figure 4.18. A) Water oxidation current densities and B) Ru mass activities for the Pt@Ru core-shell 

(cuboctahedral and dendritic), PtRu alloy, pure Ru and pure Pt nanocrystals in 0.1 M HClO4 solution after 5, 

500 and 1000 cycles at 1.45 V (vs. NHE).  
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Figure 4.19. Cyclic voltammograms of A) Pt@RuCuboctahedral, B) Pt@RuDendritic, C) PtRuAlloy D) pure Ru and E) 

pure Pt nanoparticles in 0.1M HClO4 solution at cycles 5,500 and 1000 that were shown in Figure 4.13 A.  

Moreover, Ru mass activity for all nanocatalysts was calculated from Figure 4.18 

A which shows a high current density at 1.45 V vs. NHE with a small catalyst loading of 

only a few µg on the electrode surface. Figure 4.18 B shows the estimated Ru mass 

activity for Pt@RuCuboctahedral, Pt@RuDendritic, PtRuAlloy, and Ru nanoparticles at 1.45 V vs. 

NHE after 5, 500 and 1000 cycles. We can see clearly that the Ru mass activity of 

platinum-ruthenium nanoparticles is much higher than that of pure Ru nanoparticles. At 

the 5th CV, the calculated values of Ru mass activity of Pt@RuCuboctahedral, Pt@RuDendritic, 

PtRuAlloy, and Ru nanoparticles are 158 A/gRu, 162 A/gRu, 155 A/gRu and 59 A/gRu 

respectively. After 500 CVs, the mass activity decreased dramatically for all catalysts 

except Pt@RuCuboctahedral. The estimated values are 143 A/gRu, 94 A/gRu, 44 A/gRu and 34 

A/gRu for Pt@RuCuboctahedral, Pt@RuDendritic, PtRuAlloy, and Ru nanoparticles respectively. 

Lastly, at the 1000th CV, the Ru mass activity was reduced by additional 5% for both 
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Pt@RuCuboctahedral and PtRuAlloy with a value of 135 A/gRu and 36 A/gRu. In comparison at 

1000 cycles, the Ru mass activity for Pt@RuDendritic and Ru nanoparticles was further 

decreased by an additional 14% and 11% respectively. Pt@RuCuboctahedral showed 4.8 

times higher mass activity than pure Ru at 1000 cycles (Figure 4.18 B).   

To further confirm the high performance and stability of Pt@RuCuboctahedral 

electrocatalysts, we conducted chronoamperometry at 10 mA cm–2 in acidic and 

alklaine environments. The chronoamperometry was run for the Pt@RuCuboctahedral 

based catalyst initially produced a 10 mA cm–2 current density (Figure 4.20). In the 

beginning, there is increased noise due to oxygen bubble formation and 

accumulation on the electrode surface. The current density reaches 8.4 mA cm–2 

and 8.6 mA cm–2 after 10,000 seconds of the oxygen evolution reaction in acid 

and alklaine solutions, respectively (Figure 4.20 A and B). This indicated that there 

is 14% and 16% reduction in the current density during the OER measurement in 

1 M NaOH and 0.1 M HClO4 solutions, respectively. The electrochemical response 

of Pt@RuCuboctahedral nanocatalysts in acidic environment after 

chronoamperometric operation reproduced the CVs signature well (Figure 4.18 A) 

which corroborates the stability of the nanocrystals containing ~2-3 layers of 

ruthenium in a cuboctahedral shell. 
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Figure 4.20. The chronoamperometric curve for Pt@RuCuboctahedral in A) 0.1 M HClO4 and B) 1 M NaOH 

solutions for 10,000 seconds at 10 mA cm–2.  

In acidic media at high anodic potentials, ruthenium has a tendency to oxidize to 

ruthenium oxide-type species that may modify its morphology and affect the catalytic 

characteristics.19 We hypothesized that the stability of Pt@RuCuboctahedral was due to the 

highly stable low index facets of the cuboctahedral shell as well as the platinum seed, 

which added structural integrity and allowed for easy oxidation and reduction without 

significant rearrangement or segregation of the ruthenium from the platinum core that 

enhanced the stability. Therefore, the Pt@RuCuboctahedral system appears to prevent 

surface alternation under anodic electrochemical conditions and exhibits ordered 

surface arrangements with respect to the ruthenium distribution. The high index 

structure of the dendritic shell may allow for rearrangement and dissolution during the 

oxidation and reduction cycles due to its higher surface area and less stable facets 

compared to the low index facets of the cuboctahedral shell.239  



189 
 

4.4 Conclusion 

We designed a rapid and scalable single-step synthesis for shape and surface-

composition controlled bimetallic core-shell and alloy platinum-ruthenium 

nanostructures for the oxygen evolution reaction. We were able to scale-up the 

production to nearly 0.6 g of Pt@Ru nanoparticles (i.e., the rate of production was 10 

mg/min) (Figure 4.21).  

 

Figure 4.21. The scalable production of Pt@RuCuboctahedral (0.6g in 175 ml toluene). 

Pt-Ru nanoparticles can be formed continuously at high temperature of 300 ᵒC because 

at lower temperature the ruthenium and platinum were seen to nucleate separately 

and/or ruthenium does not seem to be reduced. Also, the shape was observed to be 

with better control at higher volume of oleylamine specifically at ≥ 40 molar ratio. 

However, at exactly 100 molar equivalent of oleylamine, the cubocahedron shaped 
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nanoparticles were seen. The Ru shell layer can be controlled by the total metal 

precursor concentration in the solution, allowing us to tune the surface roughness and 

exposed facets precisely. Furthermore, the shape of the initially formed particle seed 

templates the final shape of the core-shell particle for both Pt@RuCuboctahedral and 

Pt@RuDendritic. In addition, the carbon monoxide reducing agent determines whether the 

final particle is a Pt-Ru alloy or a segregated Pt@Ru. In all the cases, the formed particles 

have an fcc crystal structure and exhibited higher mass activity and greatly enhanced 

electrocatalytic activity toward the OER compared with that of pure Pt and Ru 

nanocatalysts. In particular, the nanocrystals of Pt@RuCuboctahedral with a ~2-3 layer 

cuboctahedral ruthenium shell was the best catalyst among all the nanocrystals in terms 

of both the stability and activity. This result is most likely due to the durability of the Ru 

shell on the Pt core. Our results suggest that a thin layer of templated material provides 

ideal electronic synergy between the core and the shell, which results in substantial 

improvement in the OER catalytic activity in acidic and alkaline media. This work 

provides a new direction for the production of commercially viable, stable and active 

electrocatalysts for use in water splitting.  
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Chapter 5 : Synthesis and Characterization of Ru Nanoparticles with 
Mixed-Phase (fcc and hcp) 

5.1. Study Objectives  

Fundamental properties of nanoparticles such as crystal structure is very useful for 

controlling their physical and chemical properties such as catalysis. Different crystal 

structures of the same single metal and/or bimetallic nanoparticles have a different 

catalytic response to the chemical reactions.97,98,102,103,255 Ruthenium is a typically hcp 

nanomaterial, but recent reports have shown increased activity and stability for its 

counterpart crystal structure (fcc) towards carbon monoxide oxidation and the 

hydrogen oxidation reaction.103,255. Interestingly, metal nanomaterials have shown 

polymorphism even when they exhibit the uncommon phase in the bulk crystal.256,257 

Thus, the objective of this study is to control the crystal phase of ruthenium (Ru) 

nanoparticles in which the uncommon crystal structure can be obtained and understand 

the polymorphism-induced branching growth mechanism. In this chapter, we show a 

single and continuous synthesis for the formation of different morphologies of fcc and 

hcp Ru nanoparticles. For example, highly branched ruthenium nanoparticles grow from 

an fcc icosahedral seed and form sheet-like arms. Nanoparticles were grown from Ru 

precursors dissolved in the toluene as a solvent with oleylamine as the surfactant and 

with/without metal carbonyls such as W(CO)6 and dirhenium decacarbonyl Re2(CO)10 as 

reducing agent via a continuous flow reactor at 300 ᵒC and 30 bar. We have 

demonstrated how the growth process, and hence final morphology of the Ru 

nanostructures is controlled by the selection of metal carbonyls present in the reaction 
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media and reaction temperature, where it was found that changing the metal carbonyls 

resulted in different shapes and crystal structure of Ru nanocrystals. When no metal 

carbonyl was used, the hcp Ru nanospheres were obtained. The branched Ru 

nanoparticles were found to be the best catalyst in which they display the highest 

catalytic activity towards ammonia borane (AB) hydrolysis. 

5.2. Introduction 

Physical and chemical properties such as magnetism and catalysis can strongly be 

affected by the crystal structure of the nanomaterial. Recently, controlling the crystal 

structure of nanomaterials has been of a great interest to the scientific community due 

to their profound effect on the materials’ catalytic properties.101,258,259 Over the past two 

decades, a variety of noble-metals have been produced in uncommon or previously 

unknown crystal structures, including Au, Ag, Pd, Rh and Ru.98 For example, face-

centered cubic (fcc) Ru nanoparticles was firstly synthesized by Kitagawa et al. in 2013,  

and compared to the regular hexagonal-close packed (hcp) nanoparticles.103 Shape 

controlled fcc Ru nanoparticles have been synthesized as cages, frames and cubes. 

However, in all of these papers, either a core of a sacrificial metal and/or bimetallic was 

used to produce fcc Ru nanoparticles or these fcc Ru nanoparticles were synthesized in 

an aqueous solution in low yield with poor control in their size and shape.97,102,103 It 

should be noted that the fcc Ru nanoparticles produced via seed-mediated process as 

shown in the above-mentioned papers involves an etching process for the sacrificial 

metals which would possibly encounter a contamination and large noble metal waste 
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would be produced (increase the cost). Therefore, the most important challenges in the 

synthesis of fcc Ru nanoparticles are having a single morphology-selective synthesis.  

Nanoparticulate materials have been shown to be more prone to polymorphism 

than their bulk counterparts with the discovery of fcc metals adopting the hexagonal-

close packed (hcp) crystal structure under certain kinetic conditions of high strain or 

with the use of shape directing agents during growth.256,257 It has also been shown that 

this unique polymorphism can be tailored to give rise to materials with more 

complicated shapes.257,260 Branched nanoparticles are an excellent example showing the 

mixture of thermodynamic and kinetically controlled growth across multiple stages of 

the reaction leading to complex morphologies.38,261,262 These morphologies have been 

seen to be useful in applications for catalysis, electronics and optics.72,98,256,263 The 

standard approach to forming them is either by polymorphism in the metal or the 

formation of defects and asymmetry for fcc metals which gives rise to highly active 

surfaces.  

Here-in, we report a single and continuous synthesis for the formation of 

different morphologies of Ru nanoparticles with different concentrations of the fcc and 

hcp crystal structures. For example, highly branched ruthenium nanoparticles enclosed 

by high index surface planes grow from an fcc icosahedral seed and form sheet-like arms. 

Nanoparticles were grown in the toluene as a solvent via a continuous flow reactor at 

300 ᵒC with oleylamine as the surfactant and with/without W(CO)6, Mo(CO)6, Re2(CO)10 

and Mn2(CO)10 as reducing agent in which the zerovalent transition metal decomposed 

from metal carbonyl acts as a shape-directing agent, while carbon monoxide CO gas in 
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solution supplies the reducing agent. We have demonstrated how the growth process, 

and hence final morphology of the Ru nanostructures is controlled by the selection of 

metal carbonyls present in the reaction media, where it was found that changing the 

metal carbonyls resulted in different Ru nanostructures and affected the crystal 

structure of the nanoparticles. These nanoparticles were tested for the hydrolysis of 

ammonia borane (AB) which has been identified as one of the leading molecular 

candidates for hydrogen storage. The branched Ru nanoparticles were found to display 

the highest catalytic activity toward ammonia borane (AB) hydrolysis as compared to the 

biphasic and hexagonal close packed (hcp) ones.  

5.3. Results and Discussion 

All chemicals are similar to the ones used in the Pt-Ru system except that Pt precursor 

was not used in the synthesis of pure Ru nanoparticles. The synthesis involved a mixing 

of a solution of ruthenium precursors and oleylamine added into a vail containing 

toluene to another solution containing W(CO)6 dissolved in toluene by flow chemistry at 

high temperature and pressure. 

5.3.1 The Effect of Temperature and Residence Time on the Ru NPs 

Formation  

We varied the reaction temperature while other parameters remained constant in the 

synthesis of Ru nanoparticles. We observed that no color change in the metal solution at 

temperature from 200 to 220 ᵒC indicating that decomposition of Ru precursor did not 
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take place. At temperature of 240 ᵒC and 260 ᵒC, the color of solution started changing 

from reddish to yellowish which indicated a decomposition of Ru salt has occurred but 

no reduction was observed. At 280 ᵒC and 300 ᵒC, Ru nanoparticles were obtained by 

collecting a black colored solution. In addition, the reaction time was varied at 30 

second, 1 minute, 2.5 minutes and 5 minutes at 300 ᵒC. Ru nanoparticles were observed 

to be formed at 5 minutes by forming a black solution indicating that the reaction has 

occurred, whereas the other time intervals, the solution color was yellowish meaning 

that no reaction has taken place. The product observed at both temperatures (280 ᵒC 

and 300 ᵒC) and at 5 minutes was branched Ru nanoparticles as shown in the Figure 5.1. 

Thus, we continue the study of Ru system at 300 ᵒC and at 5 minutes. 

 
Figure 5.1. TEM image of the branched Ru nanoparticles. 

5.3.2 The Effect of Ru Precursors on the Formation of Ru Nanocrystals 

Ruthenium chloride [Ru(Cl)3] was utilized in the synthesis of Ru nanocrystals in order to 

see its effect on the particle size and shape. The yield of the production was very 
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minimal and there was no shape and size control over the Ru nanoparticles as shown in 

Figure 5.2. It was observed in the synthesis of gold nanoparticles that the (CO) was not a 

good reductant to produce uniform nanoparticles when using HAuCl4.264 We 

hypothesized that chloride ions will compete with CO molecules as absorbent ions on 

the surface of the seeds which eventually minimize the effect of CO as reducing agent.   

 

Figure 5.2. TEM image of Ru nanoparticles synthesized with Ru(Cl)3. 

 

5.3.3 The Presence and Absence of Metal Carbonyls [Mn2(CO)10, Re2(CO)10, 

W(CO)6 and Mo(CO)6] in the Ru Nanoparticles Synthesis 

We have tested different metal carbonyls in the synthesis of Ru nanoparticles to find 

out its effect on the final shape and size of the nanoparticles. Also, we synthesized the 

Ru particles without using the metal carbonyl. The use of W(CO)6 was found to make 

the branched Ru nanoparticles as shown in Figure 5.3 A. The size of the core and 

branches was measured to be 4.8 ± 0.6 nm and 5.7 ± 0.7nm, respectively. When W(CO)6 

was replaced with Re2(CO)10 the branch shaped nanocrystals were not formed instead 
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faceted Ru nanoparticles were created (Figure 5.3 B). The size of these nanoparticles 

was comparable to the average size of branches nanoparticles which is 4.5 ± 0.4 nm. 

Analogous effect to the W(CO)6 was seen when using Mo(CO)6 in which branched 

nanoparticles were made as depicted in Figure 5.3 C. However, the Ru particles are of 

shorter branches compared to the ones made with W(CO)6. The last metal carbonyl 

used in the synthesis was Mn2(CO)10. It was observed that a similar influence to the final 

shape as in the case of Re2(CO)10 where faceted Ru nanocrystals were formed 

(Figure 5.3 D). Nevertheless, the yield of these nanoparticles was much less than the 

ones synthesized with Re2(CO)10. These outcomes suggested that carbon monoxide is 

the shape-directing agent and played a critical role in defining the final shape. In case of 

W(CO)6 and Mo(CO)6, the CO could act as an impediment to the nanoparticle growth, 

slowing it down by stabilizing the Ru seeds. Then, as the seeds grow, the CO and the 

zerovalent metals (W0 and Mo0) is destabilizing certain surface facets, or the oleylamine 

layer allowing agglomeration/ oriented attachment to occur. Whereas the Re2(CO)10 

and Mn2(CO)10 bind to the CO molecules more tightly (do not completely dissociate) 

and thus cause the stabilization of the initial reduced Ru seeds. Thus, slower growth rate 

would be seen which results in forming less nuclei and making larger particles. However, 

it does not destabilize the surface of the growth particles as the CO is still more 

associated with (or can re-associate to) the Re and Mn. It was seen in the Pt 

nanoparticles system that the stability of zerovalent metal is varied and follows the 

order: Co, Fe > Mn > Re > Cr > W, Mo which suggested that Re and Mn can re-associate 

with CO again while the W and Mo would form metal oxides or ions.197  
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Figure 5.3. TEM images of Ru nanoparticles synthesized using Ru(acac)3 with A) W(CO)6, B) Re2(CO)10, C) 

Mo(CO)6 and D) Mn2(CO)10. 

The absence of metal carbonyls was found to produce sphere shaped nanoparticles 

(Figure 5.4). However, the size of these spheres was observed to be different when 

using different Ru precursors. The size of nanoparticles was 2.9 ± 0.5 nm and 4.8 ± 0.5 

nm when using Ru(acac)3 and RuCl3, respectively (Figure 5.4 A&B). We can conclude 

that we have made three different shapes with comparable sizes, namely branched, 

faceted, and spherical Ru nanoparticles. Therefore, we have proceeded the study with 

the three Ru nanoparticles systems for other characterization analysis and catalysis. 



199 
 

 
Figure 5.4. TEM images of Ru nanoparticles synthesized using A) Ru(acac)3 and B) RuCl3 without metal 

carbonyls involved in the synthesis. 

 

5.3.4 The Characterization of Three Optimized Ru Nanoparticles Systems 

(High Resolution TEM, FFT and XRD)  

The three Ru nanoparticles systems were further analyzed by HR-TEM and XRD to 

understand their crystal structure. FFT’s were taken from each HR-TEM image of a single 

particle of Ru of each system. Figure 5.5 shows the HR-TEM image of the branched Ru 

nanoparticle and the FFT’s taken from specific areas labeled by a red box. The large area 

of the particle shows that Ru nanoparticles have a mixed phase of hcp and fcc as 

indicated by the FFT (Figure 5.5 A). The nanoparticle was enclosed by the low index 

facets and possessed a high density of edge and step sites in its branches, indicating that 

it has a high-energy surface structure (Figure 5.5 A). The nanoparticle was viewed down 

the [110] and [001] zone axes of the fcc and hcp crystal structure, respectively. The large 

area in Figure 5.5 A was divided into four small ones to identify the packing of the atoms 

(i.e. either hcp and/or fcc) as shown in Figure 5.5 B, C, D and E. Figure 5.5 B, C & E 
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illustrates that the atoms were arranged and packed in an fcc crystal structure.The FFT’s 

were indexed to the (111)- and (100)-facets of an fcc crystal structure. The nanoparticle 

was viewed down the [110] zone axis of the fcc crystal structure. In Figure 5.5 D, the 

particle showed an hcp crystal structure packing as the FFT indexed to the hcp crystal 

facets of (100), (010), (110), (220). The nanoparticle was viewed down the [001] zone 

axis of the hcp crystal structure. This detailed analysis suggested that the nanoparticle is 

biphasic, containing both phases in the same nanoparticles.    

 
Figure 5.5. HRTEM image of branched Ru nanoparticle synthesized using Ru(acac)3 and W(CO)6. A-E) are 

the FFTs taken from the areas enclosed by the red boxes in HR-TEM image. The insets are the enlarged area 

of B and D.  

The faceted and spherical nanoparticles exhibited a mixture of hcp and fcc crystal 

structure and a pure hcp crystal phase as shown in Figure 5.6 A &B, respectively. 

Figure 5.6 A &B shows the HR-TEM image of faceted and spherical Ru nanoparticle and 

FFT’s taken from the whole particle. The FFT of a faceted Ru nanoparticle showed that 
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the particle has a mixed phase of hcp and fcc (below Figure 5.6 A). The nanoparticle was 

enclosed by the low index facets and was viewed down the [110] and [111] zone axes of 

the fcc and hcp crystal structure, respectively. In Figure 5.6 B, the particle showed an 

hcp crystal structure packing as the FFT indexed to an hcp crystal facets. The 

nanoparticle was viewed down the [100] zone axis of the hcp crystal structure (below 

Figure 5.6 B). After this analysis, we can see that the particles synthesized with metal 

carbonyls possessed two phases of hcp and fcc while the other particle made with no 

metal carbonyl has a pure hcp crystal structure. Interestingly, the two phases existed in 

a single faceted nanoparticle has not been seen before. However, a similar phenomenon 

has been observed in particles having poor control over size and shape in a very recent 

work done by Qiao et al. They synthesized Ru graphitic carbon nitride complex 

supported on carbon (Ru/C3N4/C) at high temperature to obtain the particle with two 

phases (i.e. the anomalous Ru nanoparticles).255  



202 
 

 
Figure 5.6. HR-TEM images of Ru nanoparticles synthesized A) using Ru(acac)3 with Re2(CO)10 and B) using 

RuCl3 without metal carbonyls involved in the synthesis. The panel below is the indexed FFTs of the whole 

particle.  

In order to determine the crystal structure and the concentration of each phase of the 

Ru nanoparticles, XRD and Rietveld refinement using TOPAS software were conducted 

respectively. XRD patterns indicate that the nanocrystals exhibit different crystal 

structures as shown in Figure 5.7. The maximum peak of branched and faceted Ru 

nanoparticles is near to (111) peak of fcc crystal structure and between (111) and (002) 

peaks of fcc and hcp crystal structures, respectively. For the spherical Ru nanoparticles, 

the highest peak was shown to be shifted to the (001) peak of hcp crystal structure 

(Figure 5.7). By applying the Rietveld refinement using TOPAS software, we have found 

that the percentage of fcc is ~89% for branched Ru nanoparticles and ~39% for faceted 

Ru nanoparticles. For the spherical Ru nanoparticles, it was seen to exhibit a pure hcp 

crystal structure. The XRD patterns also reveal information regarding the average 

crystallite size, which was calculated using Scherrer’s equation. The average crystal sizes 
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were calculated to be 9.5, 5.5 and 3.2 nm for branched, faceted and spherical Ru 

nanoparticles, respectively. The average size of the faceted Ru nanoparticles was seen 

to be bigger than that of the average size measured from TEM image which is attributed 

to the continuous domains through the nanoparticles, giving rise to larger average 

domain sizes. 

 
Figure 5.7. XRD profiles for branched, faceted and spherical Ru nanoparticles. The blue dashed lines are 

corresponding to the Bragg’s reflections of (111), (200), (220), (222) and (311) of the fcc crystal structure 

from left to right. And the red dashed lines represent the diffraction peaks of (010), (002), (011), (110) and 

(013) of the hcp crystal structure from left to right. 

5.3.5 The Proposed Growth Mechanism of Branched Ru Nanoparticles   

Based on different levels of oriented attachment among the nanoparticles, we were 

able to track and propose the growth mechanism. Figure 5.8 shows the HR-TEM images 

of Ru nanoparticles at different growth stage. Cuboctahedral Ru nanoparticle with fcc 
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crystal structure was formed in the solution as shown in Figure 5.8 A. After that defects 

at the surface of two particles (inset in Figure 5.8 B) would make the particles orient and 

attach upon colliding, making a core of cuboctahedral Ru nanoparticle and one arm 

(Figure 5.8 B) which eventually would make different number of branches by repeating 

the same process at the available surface as illustrated in Figure 5.8 C-D.  The final 

branched Ru nanoparticle would be formed until there was no empty space at the 

surface for the other particle to diffuse and collide (Figure 5.8 F). This kind of growth has 

been observed in all nanoparticles in this system. Interestingly, this growth behavior is 

different from what is typically observed for noble metals, where the starting 

icosahedral nanocrystals evolve into elongated structures (i.e., nanorods and 

nanowires). Even though the growth of multiply branched nanostructures is well-

established in literature for semiconducting materials such as in the case of cadmium 

chalcogenide semiconductors, where a careful control of such crystallographic phase 

effects is needed38, it is not usual or common for metal nanoparticles. Tilley et al. firstly 

synthesized branched metal nanostructures in which they synthesized different 

branched morphologies of Ni nanoparticles including monopod, linear bipod, bent 

bipod, tripod, regular tetrapod and planar tetrapod. It was found that the fcc–hcp 

polymorphism integral in Ni metal that produces the branched Ni nanoparticles, 

consisting of an fcc Ni core and arms that grow with alternating fcc and hcp crystal 

structures.256  
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Figure 5.8. Proposed growth steps of branched Ru nanoparticles. The inset shows the joint between the 
two particles in the TEM image (B), blue and red dots are corresponding to the fcc and hcp atomic 
arrangements, respectively.  

5.3.6 The Hydrolysis of Ammonia Borane (AB) by the Three Ru 

Nanocatalysts 

We evaluated the catalytic performance of branched, faceted and spherical Ru 

nanoparticles in the ammonia borane (AB) hydrolysis. AB is an attractive hydrogen 

storage material because of its high hydrogen content (19.6 wt %) and good stability in 

solid form at room temperature.97,265-269 Hydrogen can be conveniently generated from 

AB through dehydrogenation in the presence of a suitable catalyst: 

 

Ru nanoparticles have been recognized to be an effective type of catalysts for this 

reaction.97,265-267,270-273 In our experiments, the catalytic reaction was started by adding 

an aqueous suspension of branched, faceted and spherical Ru nanoparticles to an 
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aqueous solution of AB held in a flask. The volume of generated H2 gas was measured 

by a gas burette (see section 2.6 for experimental details). As indicated by the plots of 

H2 production versus time (Figure 5.9), branched Ru nanoparticles showed higher 

catalytic activity in terms of turnover frequency compared with faceted Ru 

nanoparticles (89.3 versus 33.5 mol H2 min−1 (mol Ru)−1). The spherical Ru nanoparticles 

showed no activity. The branched Ru nanocataltys produced almost the three moles of 

hydrogen while the faceted produced less than one mole of H2 gas. The enhanced 

catalytic activity for branched Ru toward AB dehydrogenation might be attributed to the 

high portion of fcc crystal structure atoms available compared to other Ru nanoparticles 

which possessed less or no fcc crystal structure.  

 
Figure 5.9. Plots of hydrogen evolution versus time during the hydrolysis of AB catalyzed by branched, 

faceted and spherical Ru nanoparticles.  
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5.4. Conclusion 

We illustrate that polymorphism in ruthenium can be used to synthesize branched 

metal nanostructures with arms of alternating hcp and fcc structures grown off an fcc 

core. Temperature and flow rate were found to be affecting the yield and formation of 

Ru nanoparticles in which 280-300 ᵒC and above 2.5 min were found to be the optimal 

reaction conditions. Ru salts is an important factor that influences the size of the 

particle. RuCl3 was seen to form a larger particle than that of Ru(acac)3. Also, metal 

carbonyls were observed to affect the final shape of Ru nanoparticles. The metal 

carbonyls can be divided into two groups in terms of the effect on the final shape of Ru 

nanoparticles: the first group is W(CO)6 and Mo(CO)6 and second one is Re2(CO)10 and 

Mn2(CO)10. It is believed that carbon monoxide CO gas generated by the decomposition 

of metal carbonyls acts as a shape-directing agent and provides the reducing power 

agent. Multiply branched nanostructures can be obtained through a careful control of 

such defects at the surface of each particle. The catalytic activity was seen to be higher 

for the branched Ru nanoparticles as compared to the faceted or spherical particles, 

which can be ascribed to their unique fcc crystal structure. The application of this 

concept will enable the controlled design and synthesis of a whole range of new 

branched nanostructures of important metals. Further studies will include investigations 

into controlling the number of branches formed and crystal structure content on each 

arm. These branched metal nanostructures are potentially of great technological 

importance because they will have unique size- and shape-dependent properties that 

can be used in catalysis, photonics, magnetics and electronics.  
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Chapter 6 : Conclusions and Future Directions 

6.1. Conclusions  

We have successfully implemented a synthesis strategy that allows both the control of 

the nanoparticle size, shape, structure (i.e. core-shell and alloy) and crystal phase. The 

control over the size and the degree of surface segregation of the Pt-Ni and Pt-Cu alloy 

nanoparticles was achieved. Also, this approach was able to make core-shell and alloy 

platinum-ruthenium nanostructures and pure ruthenium nanocrystals with different 

crystal structures. This non-conventional way of making nanoparticles can be operated 

continuously to achieve the desired production which eventually can be easily adapted 

for industrial scale. 

For Pt-Ni and Pt-Cu nanocrystals systems, developing methods to control their 

size were found to be most sensitive to the type of metal carbonyl, and the precursors 

used. The precursors were an extremely important parameter as it showed a high 

degree of ubiquity and sensitivity within changing a single parameter. This can be 

achieved by selecting the ligand shell (organic or halides) of the precursors used in the 

reaction. There is an excellent ease of particle size tuning as we have achieved 3 – 16 

nm upsizing for Pt-Cu nanoparticles and 4 – 11 nm upsizing for Pt-Ni nanoparticles. The 

order of ligands for particle size increment is acac<Cl<Br in all cases and when changing 

from Pt(II)<Pt(IV) in the bimetallic systems. Meanwhile, it is interesting to note that the 

carbon monoxide dominates the formation of the surface facets during the reaction 

while the choice of starting ligands around the precursor affects the size of the overall 
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particle and the surface composition of the nanoparticles formed. The larger octahedra 

formed with the halide precursors are shown to have surface enrichment of platinum on 

their surfaces. The use of bromides as precursors gives rise to indentations on the {111} 

facets of the octahedra leading to an open surface structure. The use of acetylacetonate 

and halides to control the nanoparticle size and surface segregation of metals 

introduces a robust approach to controlling nanoparticle alloys. 

For Pt-Ru core-shell and alloy nanoparticles systems, the Ru shell layer can be 

controlled by the total metal precursor concentration in the solution, allowing us to 

tune the surface roughness and exposed facets precisely. Furthermore, the shape of the 

initially formed particle seed templates the final shape of the core-shell particle for both 

Pt@RuCuboctahedral and Pt@RuDendritic. In addition, the carbon monoxide reducing agent 

determines whether the final particle is a Pt-Ru alloy or a segregated Pt@Ru. In all the 

cases, the formed particles have an fcc crystal structure and exhibited higher mass 

activity and greatly enhanced electrocatalytic activity toward the OER compared with 

that of pure Pt and Ru nanocatalysts. In particular, the nanocrystals of Pt@RuCuboctahedral 

with a ~2-3 layer cuboctahedral ruthenium shell was the best catalyst among all the 

nanocrystals in terms of both the stability and activity. This result is most likely due to 

the durability of the Ru shell on the Pt core. Our results suggest that a thin layer of 

templated material provides ideal electronic synergy between the core and the shell, 

which results in substantial improvement in the OER catalytic activity in acidic and 
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alkaline media. This work provides a new direction for the production of commercially 

viable, stable and active electrocatalysts for use in water splitting 

For Ru nanoparticles systems, we illustrate that polymorphism in ruthenium can 

be used to synthesize branched metal nanostructures with arms of alternating hcp and 

fcc structures grown off an fcc core. Ru precursors namely, RuCl3 and Ru(acac)3 were 

found to produce different sizes of Ru nanoparticles. Also, metal carbonyls were 

observed to affect the final shape of Ru nanoparticles. The metal carbonyls can be 

divided into two groups in terms of the effect on the final shape of Ru nanoparticles: the 

first group is W(CO)6 and Mo(CO)6 and second one is Re2(CO)10 and Mn2(CO)10. It is 

believed that metal by the decomposition of metal carbonyls acts as a shape-directing 

agent and the carbon monoxide CO gas generated provides the reducing power agent. 

Multiply branched nanostructures can be obtained through a careful control of such 

defects at the surface of each particle. The catalytic activity was seen to be higher for 

the branched Ru nanoparticles as compared to the faceted or spherical particles, which 

can be ascribed to their unique fcc crystal structure. The application of this concept will 

enable the controlled design and synthesis of a whole range of new branched 

nanostructures of important metals. These branched metal nanostructures are 

potentially promising candidate for catalysis, photonics, magnetics and electronics. 

6.2. Future Directions 

After reading and keeping up with the literature, I have come up with these future 

directions that can be proceeded to benefit the materials science and catalysis 
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community in the area of renewable energy. First, photoelectrochemical water-splitting 

process where solar energy and water can be converted to hydrogen (H2) is a promising 

solution to reducing the hydrogen production cost.213,274 It is now a must to consider 

utilizing low-cost and earth abundant materials such as the ones containing Ni, Co and 

Fe to converting water to an electrofuel (H2).275-283 It is a good approach to incorporate 

some useful supports such as TiO2, CeO2 and graphene that have the tendency to 

induce the photocatalytic ability of such catalysts.250,266,284-291 In addition, 2D 

nanomaterials were found to be among the most efficient for catalysis due to electron 

confinement in two dimension and its high surface area to volume ratio.292 Interestingly, 

doping was proven to be an effective way to enhance the overall performance of such 

catalysts. 213,293,294 Thus, implementation of doping of transition metals into the up-to-

date most active materials would eventually improve the nanomaterials’ catalytic 

property. Recently, sea water was tested instead of the high purity Milli-Q water to 

avoid any extra cost and to mimic the real scenario. 279 Also, development of 

bifunctional ORR/OER or HER/OER nanocatalysts is considered to be the next step as a 

feasible approach for the energy conversion and storage applications.295 Lastly, finding a 

pH-universal catalyst that can operate both in acidic and alkaline media, is important for 

reducing the cost of materials.296   
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