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Abstract	

The commercialization potential of energy conversion and storage devices like fuel cells 

and metal-air batteries is mainly held back due to the use of costly platinum (Pt) and its sluggish 

oxygen reduction reaction (ORR) activity. Therefore, combination of noble metal Pt with non-

noble metals like Cu, Fe, Ni, etc. makes the system more efficient than the Pt alone. Specifically, 

the strategy of combing a lower concentration of Pt with a higher concentration of non-noble 

metals (Cu, Fe, Ni, etc.) by maintaining a core-shell structure has been gained substantial 

attention. Moreover, to improve the activity, 3-D, nanocages, rods, cubes, sheets of Pt and 

combination with other 3d metals have been reported to be better than the state-of-the-art Pt/C. 

However, dispersion of such engineered structures on a support substrate is a challenging task.  

In line with these recent advancements, I focused on the synthesis of low-Pt and Pt-free 

engineered structures by using simple and easily scalable techniques for ORR and counter 

reaction of metal-air battery, i.e., oxygen evolution reaction. The electrocatalysts illustrated in 

the thesis are originated through a focused effort made to narrow down the aforementioned 

existing gaps by logically selecting the reducing agents, metal precursors and reaction 

parameters while performing the synthesis. Overall, the thesis is divided into seven chapters. The 

contents of the chapters are briefly highlighted below:  

Chapter 1 gives a discussion on the energy devices such as fuel cells and metal-air batteries. 

The principles of different type of fuel cells and a concise literature review on the designing of 

Pt-based and Pt-free electrocatalysts and carbon support materials are included in this chapter. 

Subsequently, potential advantages and disadvantages of each material are described 

categorywise. In conjunction, the significance of metal-air battery and requirements on the 

modification of the cathode electrode are also discussed in the chapter. Finally, the clear 

objectives of the present work are listed at the end of the chapter. 

In Chapter 2, a discussion on the different procedures adopted for the synthesis of low-platinum 

(low-Pt) and platinum-free (Pt-free) structures, namely, Cu@Pt and Fe2O3@Pt core-shell 

structures supported on Vulcan carbon (C) by using ascorbic acid (AA) reduction method, 

Au@Gr and Au@NGr core-shell structures by using water-in-oil (W/O) emulsion method, CuPt 

nanocage (CuPt-NC) structures by galvanic displacement technique and Ni-NGr nanocage 
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structures by similar W/O emulsion method is given. Additionally, the working principles of 

different spectroscopic and diffraction techniques used for the investigation of the structural 

properties of the synthesized electrocatalysts are explained. A discussion on the working 

principles of various electrochemical techniques which are used for the structural and activity 

characterization is also included in this chapter. 

Chapter 3 deals with a detailed illustration on the in situ modification of the carbon support 

surface and subsequent anchoring of core-shell structures (Cu@Pt/C, Fe2O3@Pt/C) in a one-pot 

synthesis technique. The chapter portraits the  systematic studies undertaken to understand the 

decisive role played by the core material and the oxidative products of the reducing agent 

(ascorbic agent) during the synthesis in order to accomplish the homogeneous dispersion of the 

nanoparticles on the carbon surface while ensuring the formation of the well featured core-shell 

growth pattern for the particles. Some of the prepared catalysts have been systematically 

investigated for oxygen reduction reaction in liquid as well as in semi-vapour phase conditions. 

A detailed discussion on the electrochemical activity characteristics of the prepared materials 

also is included in this chapter.  

In Chapter 4, a discussion on the preparation of hollow Cu-Pt nanocage (CuPt-NC) structure by 

adopting a galvanic displacement technique and its application as cathode electrode for Zn-air 

battery is included. CuPt-NC is found to be displaying higher ORR activity and stability than that 

of Pt/C in alkaline medium. Taking the advantage of its better oxygen reduction reaction activity, 

the material has been explored as a cathode for the primary Zn-air battery. The chapter gives the 

important findings of the study along with a discussion on the activity characteristics by 

correlating the structural features of the material.      

Chapter 5 deals with the a simple water-in-oil (W/O) emulsion technique, which could be 

successfully developed for the synthesis of a Pt-free core-shell structure containing Au as the 

core and nitrogen doped graphene as the shell (i.e. Au@NGr). The process illustrated in this 

chapter stands out as an efficient strategy to tune the properties of NGr shell by creating intimate 

contact between the Au-core and NGr-shell. The adopted strategy could help to increase the 

overall electronic conductivity of the system, which is an important criterion in reducing the 

ohmic overpotential in electrochemical devices. In addition to this, the wrapping of NGr around 

the Au nanoparticle helped the system to decrease the formation of hydrogen peroxide during 
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oxygen reduction reaction. This shift from the 2 to 4 electron reduction pathway is highly 

desirable to utilize the material for oxygen reduction applications in PEM fuel cells and these 

results are also discussed in the chapter. A discussion on the structure-property relationship in 

achieving the modulated activity characteristics is also included in this chapter. 

Chapter 6 comprises the discussion on the formation and activity characteristics of a Ni-

nitrogen doped graphene (Ni-NGr) nanocage structure, which was formed by the effective 

utilization of the surface plane energy of Ni for carbon adsorption and diffusion. The intrinsic 

property of carbon dissolution in Ni under the pressure created by water vapour in tiny water-in-

oil nanoreactor gave beautiful 3-D structured NGr interpenetrated Ni-NGr nanocages having 

high surface area and roughness factor. The chapter discusses in detail about the structural 

characterization of the fancy nanocages and proposes a mechanism based on the carbon 

adsorption/dissolution property of Ni that could trigger the formation of the structure. The 

material has been investigated as an electrocatalyst for oxygen evolution reaction. A detailed 

discussion on the electrochemical data is also included in this chapter.  

Finally, the key results of the work done during the tenure are summarized in Chapter 7. The 

chapter gives a concise summary of the major findings of the work illustrated in the thesis. The 

main aspects with respect to the synthesis strategies adopted, structural features attained and 

performance modulations achieved are highlighted in the chapter. The chapter also highlights the 

future prospects of the work. 
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The present chapter commences with a short description about the energy devices 

(mainly, fuel cells, metal-air batteries etc.). The principles of different types of fuel cells, with 

detailed discussion on the polymer electrolyte membrane fuel cells (PEMFCs) along with the set-

up, major components, advantages and challenges have been included. In continuation, a concise 

literature review on the designing of 

Pt-based and Pt-free electrocatalysts 

and carbon support materials is also 

included. Subsequently, potential 

advantages and disadvantages of these 

classes of materials are described 

categorywise. The use of intrinsic 

properties of carbon allotropes in the 

field of energy devices is also 

discussed. Followed by this, a 

discussion on the significance of the 

metal-air batteries by highlighting the 

existing challenges on attaining the 

requirements on the cathode electrode 

and the ways to overcome the energy density issues of the traditional batteries with the metal-air 

battery is also included in this chapter. Finally, the objective and scope of the present thesis are 

listed at the end of the thesis. 

 

 

Chapter 1 
Scenario of Electrocatalyst Development for 

Energy Applications: An Overview 
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1.1. General Introduction 

The overlapping issues on the increasing energy demand, depleting fossil fuels and 

adverse environmental impacts of the fossil fuel based technologies are raising big challenges to 

the scientific community to introduce environmentally benign, alternative energy conversion 

systems for future energy applications.[1-5] Hitherto, the fossil fuels (coal, petroleum products, 

natural gas, etc.) are being used for power generation.[1-5] But, the scarcity of fossil fuels and 

their increasing demand for energy generation are expected to lead the mankind to a big crisis in 

the future unless we switchover to suitable alternate energy generation technologies.[2, 6] 

According to the 2013 scenario of the World Energy Outlook (WEO), the demand for coal, gas 

and oil will increase by 0.7, 1.6 and 1.1 %, respectively, per year up to 2020/2030.[3, 6] As far as 

electricity generation is concerned, the coal requirement will shoot up by 33-35 %, and the oil 

and natural gas demand will increase by ~72 % by 2035.[6] In short, the mismatch between the 

global consumption and supply of energy will increase rapidly. Therefore, to accomplish more 

sustainable colonies with sufficient renewable energy and substantial reduction in pollution, 

more robust and efficient approaches in the electrical energy conversion and storage are needed. 

Keeping this in mind, researchers are focussing on the various renewable energy resources 

(sunlight, wind, rain, tides, waves, geothermal energy, etc.) and nuclear power, as alternatives to 

the fossil fuels.[3-4, 6-8] Currently, the hydrogen and solar energies are being considered as 

important renewable energy resources.[4, 7-9] Thus, the fuel cells, solar cells and batteries are 

gaining ample attention of the researchers primarily due to their independency on fossil fuels.[4, 7-

14] It is now widely believed that the fuel cells may become an integral part of the energy 

sustainability and a pollution-free environment during the course of implementation of the 

alternate energy technologies in future. Going directly from the chemical to the electrical energy 

avoids the entropy penalty of converting heat into mechanical work.[4, 7-9] Thus, the fuel cell has 

the potential to change the world by providing the low-cost and pollution-free power, which is a 

dream for the modern generation.[15]  

Although fuel cells have many advantages, batteries are good partners to store/convert 

energy. Batteries convert the stored chemical energy to electrical energy by means of 

electrochemical reaction within the system.[16] Fuel cells need a continuous fuel supply, whereas 

batteries deliver power from the stored chemical energy whenever and wherever it is required.[10-
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12] In addition, compared to the current available batteries (i.e. metal-ion, metal-air etc.; where 

the metal can be Li, Na, Zn, etc.), mainly, the metal-air (Zn-air) batteries have higher achievable 

energy density in a non-safety environment (i.e. use of aqueous electrolyte), whereas, Li-ion 

batteries need to be fabricated by ensuring non-aqueous (due to high moisture-sensitivity) 

encapsulation conditions.[10-12, 16-23]   

Importantly, both the electrochemical power sources (i.e. fuel cells and Zn-air batteries) 

have similar working principle, which involves conversion of the chemical energy stored in the 

fuel (H2/Zn) to electrical energy, where, oxidation of H2/Zn takes place at the anode and 

reduction of oxygen occurs at the cathode.[11, 15, 24-27] In addition, the Zn-air batteries possess high 

energy densities and they are relatively inexpensive as they employ very cheap material (Zn). In 

spite of their moderate efficiencies, fuel cells and metal-air batteries have gained great attention 

world-wide for commercial applications in the areas of transportation, electronic devices and 

colonized applications since last few decades. Even when they enjoy these advantages, these 

systems lack prospects in heavy applications due to the sluggish cathodic reaction, which 

actually decides the overall efficiency of the system.[1-4, 7, 16-23]  

The following few sections provide details of the chemistry behind the fuel cells and Zn-

air batteries. A discussion on the main bottlenecks involved in the commercialization aspects of 

these systems is also included. The strategies adopted for modifying the activity characteristics 

of the electrocatalysts along with the available potential synthetic methodologies are also 

highlighted in the following sections. 

1.2. Fuel Cells 

Direct conversion of chemical energy stored in fuels to the useful electrical energy can be 

achieved by an electrochemical power source such as fuel cells, batteries, etc.[2-4, 16-24, 27] These 

electrochemical power sources are expected to be the main systems for fulfilling the energy 

demands in future. Despite of their common function, the energy gets released due to the nature 

of the electrochemical reactions taking place at the electrode-electrolyte boundary during energy 

conversion or storage. Since the fuel cells have great potential for higher energy conversion, 

environmentally safe fabrication and operating conditions make the system more viable in the 

energy market. Fuel cells are used for primary and backup power for commercial, industrial and 
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residential buildings and in remote or inaccessible areas. They are also used to power fuel-cell 

vehicles, including forklifts, automobiles, buses, boats, motorcycles and submarines.[2, 4, 24, 27] 

Mainly, the fuel cell consists of two electrodes separated by an electronically insulating 

layer. The insulating layer (i.e. electrolyte) allows the charges to travel between the two sides of 

fuel cells. The reaction at the anode generates the electron which travels to the cathode through 

the external circuit and produces the direct current. Fuel cell comes in variety of sizes. A single 

cell produces an electrical potential of ~0.90 V, even though the theoretical potential is 1.24 V. 

Therefore, cells are stacked or arranged in series to increase the voltage to meet the application 

requirements.[28]  Moreover, apart from electricity, fuel cells produce water, heat and depending 

upon the fuel source, small amount of nitrogen dioxide and other emissions. The energy 

efficiency of the fuel cell is around 40-60 %, which can be increased up to 85 %, if the waste 

heat can be captured for use. A brief discussion on the advantages of the fuel cells is included in 

the next section. 

1.3. Advantages of Fuel Cells 

Fuel cells are noise- and pollution-free energy conversion devices, which provide energy 

until we stop the inputs, i.e. fuel and oxidant.[2, 15, 24] Fuel cells produce water and heat as the by-

products as a result of the reaction between the fuel (H2) and oxidant (O2) ions formed at the 

anode and cathode, respectively, in presence of the electrocatalyst. Therefore, fuel cells are 

environmentally clean and noise-free systems as compared to the combustion engines.[2, 15, 24] 

Fuel cells are efficient, but, they are currently lagging behind the conventional technologies in 

the energy market due to their cost and size. Despite of their low power density, fuel cells have 

higher efficiency than that of the combustion engines.[2, 15, 24] On the other hand, the fuel cells do 

not need the fossil fuels like the combustion engines. Importantly, the fuel cells can be operated 

at wide-range of temperatures up to 1000 oC.[2, 15, 24] Depending upon the operating temperatures, 

electrochemical reactions involved and the electrolytes used, fuel cells can be classified into 

different types. A brief discussion on the types of fuel cells is given in the following section.  

1.4. Types of Fuel Cells 
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The categorizations of the fuel cells is based on the type of the electrolyte used and are 

mainly exemplified based on the operating temperature.[2, 15, 24] Figure 1.1 provides a clear 

picture of the categorization of the fuel cells. 

 

Figure 1.1: A schematic illustration of the different types of fuel cells. 

1.4.1. Solid Oxide Fuel Cell (SOFC) 

Solid oxide fuel cell (SOFC) has a great scope due to its high temperature operation and 

fuel flexibility, which delivers a normal efficiency of 60 %.[2, 15, 24] Typical operating temperature 

of SOFC is 700-1000 oC; hence, it does not require very costly Pt-catalyst and is also not 

vulnerable to CO-poisoning.[2, 15, 24] Mainly, the ceramic materials or solid oxides (yttria and 

scandia-stabilized zirconia (YSZ, ScSZ), gadolinium doped ceria (GDC), etc.) are being used as 

the electrolytes, which possess higher oxygen ion conductivity from the cathode to the anode.[2, 

15, 24] In principle, the Co/Ni-Zirconium oxide cermet and Sr-doped LaMnO3 are being used as 

the anode and cathode materials, respectively.[27, 29] During operation, the electrochemical 

oxidation of oxygen ions takes place in presence of H2/CO at the anode side, which generates 
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water as the by-product.[27, 29] In addition, SOFC has gained great attention as a variety of light 

and heavy hydrocarbon (gasoline, diesel, bio-fuels) fuels can be used for running the system. 

These fuels do not require any external reformer for hydrogen generation. Generally, the light 

hydrocarbons get internally reformed within the anode, during operation, and generate hydrogen 

and CO, which will react with the incoming oxygen ions from the cathode, as mentioned above. 

Hence, SOFC has more options for the use of fuels. Therefore, better output of SOFC can lead 

great applications in auxiliary power units in vehicles to stationary power generation with an 

output range of 100 W to 2 MW.   

1.4.2. Molten Carbonate Fuel Cell (MCFC) 

Molten carbonate fuel cell (MCFC) is a type of high operating temperature fuel cell. 

Hence, MCFC also possesses better efficiency of 60 %, like SOFC.[30-31] Similar to the SOFC, 

MCFC works with a variety of hydrocarbon fuels, including light and heavy hydrocarbon fuels. 

Importantly, like SOFC, MCFCs does not require any external reformer to generate hydrogen.[30-

31] Porous Ni and Ni-oxides are being used as the anode and cathode materials, whereas, a 

combination of alkali (Na/K/Li) carbonates, which is retained in a ceramic matrix of LiAlO2, is 

generally used as the electrolyte.[30-31] In principle, MCFC operates at 600-700 oC, where the 

alkali carbonates form a highly conductive molten salt with carbonate ions provide the ionic 

conduction.[30-31] Due to the high temperature operation, the most expensive Pt-based catalysts 

can be avoided and also the issue of CO-poisoning can be disregarded. 

 

1.4.3. Phosphoric Acid Fuel Cell (PAFC) 

Among the proton transfer fuel cells, the phosphoric acid fuel cell (PAFC) has the 

advantage of having the relatively high operating temperature (100-200 oC) and high CO-

tolerance (up to 1.5 %).[24, 27, 32]  In PAFC, 100 % concentrated phosphoric acid is used as the 

electrolyte at 150-200 oC, due to its poor ionic conductivity and severe CO-poisoning at lower 

temperature. Generally, silicon carbide is used as a matrix to retain the acid in PAFC.[24, 27, 32] 

The relative stability of concentrated phosphoric acid is high compared to the other common 

acids and it also minimizes the water vapor pressure, which makes the water management in the 

cell less problematic. The existing PAFCs have normal capacities of around 200 kW, which 
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make them useful for stationary power plants and mobile towers etc. In spite of this, the use of 

Pt-based electrocatalysts and slow-startup are the major stumbling blocks in the way towards 

their large scale commercialization. 

1.4.4. Direct Methanol Fuel Cell (DMFC) 

 Direct methanol fuel cell (DMFC) has good capability to deliver high energy density, 

because, methanol has one order magnitude higher energy density compared to compressed 

hydrogen.[24, 27] Pt-based or Pt-Ru based electrocatalysts are being used as the anode and cathode 

materials. In principle, methanol is used as the fuel, which undergoes oxidation at the anode and 

results into the formation of protons and CO and/or CO2 with release of electron.[24, 27] These 

protons are transported to the cathode through the proton exchange membrane and neutralize the 

reduced oxygen in presence of electron, generating water as the by-product.[24, 27] General 

operating temperature of DMFC is 50-120 oC. Hence, DMFC possesses low efficiency and it 

generally finds applications in the portable and electronic devices, where energy and power 

density are more important than efficiency.[24, 27]  

1.4.5. Alkaline Fuel Cells (AFC) 

Alkaline fuel cell (AFC) is one of the well-developed fuel cell technologies. AFC is also 

termed as Bacon fuel cells, because, the English engineer Francis Thomas Bacon used KOH 

instead of sulfuric acid (William-Grove fuel cells) in mid nineteen century and demonstrated 

AFC.[15, 24, 33] After that, NASA has used AFC in Apollo series mission and on the space shuttle.  

In principle, AFC consists of two electrodes which are separated by a porous matrix 

saturated with an aqueous alkaline solution, such as KOH.[15, 24, 33] AFC operates at ~250 oC and 

they are capable of attaining an efficiency of 70 %.[15, 24, 33] Basically, the electrolyte used is 85 

wt. % KOH for high temperature (~250 oC) and 35-50 wt. % KOH for lower temperature (< 120 
oC) operation. The electrolyte is retained in an asbestos matrix and a wide range of 

electrocatalysts (e.g., Ag, Ni, spinels, metal oxides, and non-Pt) can be used.[15, 24, 33] In AFC, the 

hydrogen and oxygen get consumed and result into the formation of water, heat and electricity. 

During the operation, trace amount of CO2 can react with the KOH to form K2CO3, thus altering 

the electrolyte.[15, 24, 33] Therefore, AFC typically needs to be operated on pure oxygen or purified 
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air by passing through a 'scrubber', which cleans out as much as of CO2 as possible. These 

tedious processes of generation and storage requirements of oxygen make AFC more expensive. 

1.4.6. Anion Exchange Membrane Fuel Cell (AEMFC) 

Anion exchange membrane fuel cell (AEMFC) is also termed as hydroxide ion exchange 

fuel cells, although it is a type of AFC.[15, 24] The typical operating temperature of AEMFC is 90 
oC, possessing the higher electrical efficiency compared to the other fuel cells.[15, 24] 

Working principle of AEMFC is similar to AFC but differs in usage of the solid 

electrolyte; AFC works with aqueous KOH, whereas, AEMFC works with a solid polymer 

electrolyte.[15, 24] In an AEMFC, the humidified fuel (hydrogen/methanol) and oxygen will be 

provided to the anode and cathode, respectively. The fuel gets oxidized at the anode and oxygen 

gets reduced at the cathode. At the cathode, reduction of oxygen generates hydroxides ions (OH-) 

that migrate through the electrolyte towards the anode. At the anode, OH- reacts with the fuel to 

produce water and electrons. Electrons will go through the external circuit and produce 

current.[15, 24] Main advantage of AEMFC is the negligible methanol crossover due to transport of 

ions in opposite direction compared to DMFC. In addition, AEMFC possesses additional benefits 

like, faster electrode kinetics, better corrosion resistance in alkaline conditions and use of cheap 

non-noble electrocatalysts as the cathode material.[15, 24] The main drawback of AEMFC is the 

use of solid polymer electrolytes having poor ionic conductivity and mechanical strength. The 

ionic conductivity of the alkaline membranes is normally two times less than that of the 

conductivity of the proton conducting membranes which are being used in polymer electrolyte 

membrane fuel cells.[15, 24]   

1.4.7. Polymer Electrolyte Membrane Fuel Cell (PEMFC) 

Polymer electrolyte membrane fuel cell (PEMFC) is also known as proton exchange 

membrane fuel cell. An electrically insulating, proton conducting, solid, flexible, non-porous, ion 

exchange membrane like the ones based on perfluoro-sulfonic acid polymer or other similar 

polymers will be used as an electrolyte in PEMFCs.[15, 24] Performance of the PEMFCs depends 

largely upon the proper humidification of the polymer electrolyte membrane and overall water 

management during the actual operation in case when the commercial Nafion® type membranes 



AcSIR  Chapter 1 

 

Vishal M. Dhavale   12 

are used.[15, 24] In order to avoid the excess use of external water for humidification, the water 

formed as the by-product itself will be utilized internally to keep the membrane hydrated. 

Therefore, a PEMFC must be operated under the conditions where the by-product does not 

evaporate faster than it is produced. Because of this, PEMFCs need to be operated at less than 

100 oC. Due to the low-temperature operation and necessity of water within the system, pure 

hydrogen (very low CO content) must be used in PEMFCs. The impure fuel has negative impact 

on the fuel cell performance. The CO impurity of the fuel poisons the electrocatalysts.[15, 24] 

Recently, depending up on the use of the electrolyte and its operating temperature, the 

PEMFCs are classified into two types, viz., low-temperature and high-temperature.[15, 24] The 

low-temperature PEMFCs (LT-PEMFCs) need the humidification and the proton exchange 

membrane must be hydrated throughout the operation. The perfluoro-sulfonic acid (i.e. Nafion®) 

is used as an electrolyte in LT-PEMFCs. Here, the sulfonic acid groups act as water holder and 

path for proton transport. Hence, this necessitates their operation below 100 oC.[15, 24] In contrast, 

high-temperature PEMFCs (HT-PEMFCs) can be operated at 180-200 oC, in which phosphoric 

acid doped polybenzimidazole (PBI) is being used as the electrolyte. The phosphoric acid acts as 

the proton transporter whereas PBI as a matrix to hold the acid. The main advantage of HT-

PEMFCs is the higher CO-tolerance (~1.5 %) compared to LT-PEMFCs.[15, 24] Hence, reformate 

hydrogen can also be used as the fuel. The PEMFCs find wide range of applications, including 

residential and transportation.[15, 24] Since the use of costly Pt-based electrocatalyst on both the 

electrodes and the sluggish cathodic reaction raise challenges on the cost and efficiency of 

PEMFCs, there is a significant focus by the researchers to develop new catalysts having low or 

no Pt content and simultaneously possessing improved ORR activity.  

1.5. Principle of Polymer Electrolyte Membrane Fuel Cells 

The heart of a PEMFC is a membrane electrode assembly (MEA). MEA is a seven 

layered assembly consisting of electrocatalyst (Pt, Pt-based multi-metallic structures) coated on 

the carbon coated porous carbon paper sandwiched with the polymer electrolyte membrane.[15, 24] 

Generally, Nafion® and phosphoric acid doped PBI have been used as the polymer electrolyte 

membrane in PEMFCs. The structures of Nafion® and PBI are shown in Figure 1.2. The main 

function of the polymer electrolyte membrane is to pass the protons from the anode to the 
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cathode.[15, 24] In principle, the MEA performance is investigated by passing ultra-pure 

compressed or reformate hydrogen at the anode and oxygen/air at the cathode side. The fuel is 

oxidized at the anode, releases protons and electrons. The proton transports from the anode to the 

cathode through the polymer electrolyte membrane and the electron travels through the external 

circuit and reaches the cathode side. At the cathode, the incoming electron reduces the oxygen in 

presence of the Pt-electrocatalyst. Finally, the reduced oxygen species are neutralized by the 

proton which leads to the production of heat and water.[15, 24] Overall efficiency of PEMFC 

depends on the cathodic reaction. Hence, the sluggish kinetics of oxygen reduction reaction 

(ORR) should be improved by modifying the physical and chemical properties of the Pt-

electrocatalysts and also by tuning the electrode-electrolyte interface.[15, 24] In PEMFCs, the 

electrode-electrolyte interface mainly talks about the effective interaction between the electrode, 

electrolyte and reactant, and this interface has been termed as the triple phase boundary (TPB).[15, 

24]  

 

Figure 1.2: Structure of (a) Nafion® and (b) polybenzimidazole. 

A major theme of development of PEMFCs is lying at the effective modification at TPB, 

where the actual reaction takes place.[15, 24] The reactions occurring in a PEMFC are presented 

below:   



AcSIR  Chapter 1 

 

Vishal M. Dhavale   14 

At Anode:      2H2                 4H+ + 4e-      E0 = 0.00 V                (1.1) 

Acidic Condition: 

At Cathode:  O2 + 4H+ + 4e-                       2H2O           E0 = 1.23 V                (1.2) 

Overall:       2H2 + O2
                       2H2O           E0 = 1.23 V                (1.3) 

An AEMFC also involves the similar structural features as that of a PEMFC involving proton 

transport. Here also, the establishment of TPB is one of the challenging steps in the system 

fabrication. AEMFC also falls under PEMFC as both involve usage of the polymer membranes; 

the general reactions occurring at the electrodes under the alkaline conditions are given below: 

At Anode:      H2 + 2OH-                2H2O + 2e-     E0 = 0.83 V                 (1.4) 

Alkaline Condition: 

At Cathode:  ½ O2 + H2O + 2e-                       2OH-             E0 = 0.40 V                  (1.5) 

Overall:       H2 + ½ O2
                       H2O             Ecell

 = 1.23 V                 (1.6) 

The reactions occurring in PEMFCs under acidic condition are shown by Equation 1.1 and 

Equation 1.2. Equation 1.1 represents the oxidation reaction of hydrogen at the anode and 

Equation 1.2 shows the oxygen reduction at the cathode. Overall, a 1:0.5 mole ratio of hydrogen 

and oxygen generates heat and one mole of water. During this process, the oxidized product of 

hydrogen is transferred from the anode to the cathode through the proton conducting membrane, 

where, it neutralizes the reduced product of oxygen and form water (Figure 1.1). 

Moreover, the reactions take place under the alkaline condition is shown by Equations 

1.4 and 1.5. Equation 1.4 represents the oxidation reaction of hydrogen at the anode and 

Equation 1.5 stands for the oxygen reduction at the cathode. Similar to the acidic reaction of 

PEMFCs, a 1:0.5 mole ratio of hydrogen and oxygen generates heat and one mole of water in the 

alkaline condition. During this process, at the cathode, the hydroxide ions are formed due to the 

reduction of oxygen. These hydroxide ions are transferred to the anode via the anion conducting 

membrane and combination of the hydroxide ions with hydrogen results into the formation of 
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water.[15, 24] These anodic and cathodic reactions take place only in presence of the 

electrocatalysts (i.e. Pt-based electrocatalysts) (Figure 1.1).  

1.6. Roadblocks of Polymer Electrolyte Membrane Fuel Cells 

Despite the better performance of PEMFCs, the cost of the individual components of the 

system is the major stumbling block in the way of commercialization of PEMFCs. As shown in 

Figure 1.3, out of the total cost of PEMFC, 83 % is contributed by the electrocatalyst and the 

GDL support alone. Whereas, out of the remaining 17 %, 7 % is contributed by the polymer 

electrolyte membrane, 6 % by the bipolar plate, etc.[34] In short, the high cost of the 

electrocatalyst impedes the prospects of commercialization of PEMFCs.   

 

Figure 1.3: Cost-distribution of the PEMFC components.[34] 

In the case of PEMFCs, Pt is being considered as the promising electrocatalyst. 

Generally, the Pt nanoparticles supported on high surface area carbon (Pt/C) has been widely 

used as the electrocatalyst in PEMFCs. In spite of its better activity, elimination or at least 

minimization of Pt from the PEMFC electrodes has become a necessity mainly due to the high 

cost of the material. Sluggish cathodic reaction and the issues associated with the stability of Pt 

also give a push towards the development of better systems. Practically, during the long-term 

stability tests, the carbon support undergoes oxidation, eventually leading to the agglomeration 

of the Pt particles (decrease the surface-to-volume ratio), thereby to the reduction in the overall 

performance of the system.[15, 24] On the other hand, the Nafion® type membranes used in 
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PEMFCs are limited by their ionic conductivity and performance dependency on humidification. 

Other issues like, the fuel crossover and lower stability and disintegration of the membrane due 

to the hydroxyl radicals are also being identified as major obstacles in the way of full utilization 

of the integrated system.[15, 24] At last, the brittle nature of the bipolar plates and their corrosion 

under high acidic environment are also adding to the issues. Therefore, all these limitations need 

to be tackled effectively without losing the overall efficiency of the system.    

1.7. Electrocatalysts in PEMFCs 

Kinetics of any kind of reaction can be improved by use of an appropriate catalyst, whose 

properties do not change during the reaction. In PEMFC, the oxidation of hydrogen and/or 

reduction of oxygen are achieved by using a Pt/C as an electrocatalyst.[15, 24] The kinetics of ORR 

is very sluggish and involves very high overpotential.[15, 24] In conjunction, during ORR, the 

oxide and/or hydroxide formation of Pt also decreases the activity and directly affect the 

performance.[15, 24] Hence, to tackle these issues we need innovative research ideas to develop a 

cheap and efficient electrocatalyst for real applications. So far, various metallic and non-metallic 

nanostructured electrocatalysts have been tested.[15, 24] Along with that, the chalcogenides, 

pervoskites, transition metal carbides etc. have also been studied for ORR.[15, 24] However, till 

date, there is not a concrete and solid result which can guaranty the replacement of existing 

electrocatalysts from PEMFCs. The scenario of the design strategies of different nanostructured 

electrocatalysts based on low-Pt and Pt-free active centres has been discussed in a subsequent 

section.  

1.8. Mechanisms of Oxygen Reduction Reaction (ORR) 

The mechanism of ORR is not fully disclosed due to the complexness and changing 

behaviour of the process depending upon the electrode materials, catalysts, and the electrolyte. 

Literature says that ORR follows two kinds of mechanistic pathways in acidic and alkaline 

media, i.e. four-electron and two-electron reduction pathways.[15, 24] In acidic media, the protons 

combine with the reduced oxygen, whereas, in alkaline media, the hydroxyl ion plays a critical 

role. Moreover, during ORR, the way of interaction of the oxygen molecules with the catalyst 

decides the pathway. The most desired reduction pathway is the four-electron pathway, where, 

the combination of proton and the reduced form of oxygen produces water as the product. 
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However, in another case, the combination of proton and the reduced form of oxygen produces 

the water as the product via hydrogen peroxide as an intermediate, by the two-electron reduction 

pathway. The stages of reactions in the four-electron reduction pathway in acid and alkali are 

already given in Section 1.5. The reactions involving in the two-electron reduction pathway are 

given below:   

          ORR:  O2 + 2H+ + 2e-                       H2O2           E0 = 0.67 V                   (1.7) 

Acidic Condition:  

      H2O2 + 2H+ + 2e-                       2H2O           E0 = 1.76 V                  (1.8) 

Sometimes, the hydrogen peroxide formed via Equation 1.7 can undergo alternate 

decomposition process and can lead to the formation of water and oxygen as,   

                   2H2O2  
                       2H2O + O2                                       (1.9) 

       ORR:  O2 + H2O + 2e-                     HO2
- + OH-    E0 = -0.065 V             (1.10) 

Alkaline Condition: 

     HO2
- + H2O + 2e-                    3OH-               E0 = 0.867 V               (1.11) 

Sometimes, the peroxide ions formed via Equation 1.10 can undergo alternate decomposition 

process and can lead to the formation of hydroxide ion and oxygen as, 

                               2HO2
-                       2OH- + O2       E0 = 0.867 V               (1.12) 

The undesired products formed during the two-electron reduction pathway create additional 

problem for the polymer electrolyte membrane. During the operation, the hydrogen peroxide 

may decompose the polymer electrolyte membrane, causing the fuel crossover and direct 

recombination of hydrogen and oxygen in presence of the Pt-catalysts and blasting of the system. 

The four-electron reduction pathway is more desirable and it possesses higher efficiency than 

that of the indirect pathway (two-electron reduction pathway). Hence, PEMFC needs the 

electrocatalysts which can convert the hydrogen and oxygen in water by the direct mechanistic 

pathway.  
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1.9. Platinum-based Electrocatalysts for Oxygen Reduction Reaction  

The high cost of Pt has already put a big challenge to the fuel cell researchers. A long 

attempted way of dealing this issue is to achieve reduction of Pt usage by making a composition 

of Pt with other transition metals to get bi-metallic and/or multi-metallic systems.[35-41] Moreover, 

researchers have adopted another way to increase the activity of Pt by tuning the dispersion of 

Pt-particles by using different carboneous and non-carboneous supports [41-45] for ORR. Along 

with this, tuning the physical properties of Pt at the nanoscale can also play a decisive role in the 

electrocatalytic reactions.[46-49] 

 

Figure 1.4: Representation of the possible physical structures of Pt and the lattice facets they enclose (in 

parentheses). 

These physically changed nanoparticles have special property characteristics as 

originated by their geometry, which promote the catalytic reactions to different magnitudes. The 

fundamental principle orbits around the prevalence of various crystal lattice planes, which 

prevail as a function of particle morphology and the options of these lattice planes towards the 

interested reaction pathway. As per the literature, the interaction of Pt with oxygen and its 

subsequent reduction is more favourable and more selective to H2O over the Pt (110) than the Pt 

(100) and (111).[50] The said activity can be correlated to the surface coordination number, which 
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is in the order of 7 [(110)] > 8 [(1 0 0)] > 9 [(1 1 1)], respectively.[50] This trend indicates that the 

modification of the structural features of the catalyst surface could be an important strategy to 

increase the kinetics of ORR. Recently, density functional theory (DFT) has given a clear 

understandable study, based on which, we can design potential alternative materials which can 

eventually replace the use of Pt in PEMFCs.[51] Based on the various theoretical studies, it is now 

possible to rank different materials depending on how their surface interacts with oxygen. 

Moreover, the energy of the d-band center and the Pt-Pt inter-atomic distance also play major 

roles towards ORR and, hence, these factors also have to be taken under consideration while 

designing new electrocatalysts.[55] 

Norskov et al.,[51] have studied the interaction of the surfaces of different materials with 

oxygen and prepared a ranking list, which is illustrated in the form of a volcano plot (Figure 

1.5), where, the oxygen reduction activity is plotted as a function of the oxygen binding energy.    

 

Figure 1.5: A volcano plot (ORR activity vs. energy of oxygen interaction) indicating the ORR activity of 

different metals on the (111) surface plane.[51] [Reprinted with permission from (J.  Phys. Chem.  B 2004, 

108, 17886–17892). Copyright (2004) American Chemical Society] 

From the volcano plot (Figure 1.5), the exact reason behind the acceptance of Pt as an ideal 

catalyst for ORR becomes evident. It can be seen from the plot that, next to Pt, Pd is appearing as 

the best electrocatalyst due to its slightly lower binding energy. Along with this, the cost of Pd is 
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approximately half of that of Pt. Therefore, it is a potent contender to replace Pt as an 

electrocatalyst for PEMFCs. 

1.9.1. Oxygen Reduction Reaction Mechanism on Pt-Surface 

 As per the theoretical studies, ORR on the surface of Pt follows the two types of 

mechanistic pathways: (i) associative and (ii) dissociative.[51-54] 

(i) 

During the reaction of oxygen and Pt, the oxygen gets adsorbed without cleavage of the 

O-O bond and results into the formation of H2O via the reactions presented below (Equations 

1.13-1.17).  

Associative Mechanism: 

Pt + O2                     Pt-O2-ads                    (1.13) 

Pt-O2-ads + H+ + e-                   Pt-HO2-ads                      (1.14) 

Pt-HO2-ads + H+ + e-                 H2O + Pt-Oads    (1.15) 

Pt-Oads + H+ + e-                      Pt-OHads                      (1.16) 

Pt-OHads + H+ + e-                   H2O + Pt                      (1.17) 

The subscripts “ads” indicate that the corresponding species are adsorbed on the electrode (here, 

Pt) surface. The O-O bond may not be broken, as shown in Equations 1.13-1.17. Probably, it 

forms hydrogen peroxide and which could be further reduced to water or could be remained as 

such as a final product. Therefore, this mechanism is also termed as the indirect pathway, where 

instead of water (four-electron reduction), hydrogen peroxide (two-electron reduction) gets 

formed. 

(ii) 

During the reaction of oxygen with Pt, the oxygen gets adsorbed with cleavage of the O-

O bond and forms the Pt-O bond, which results into the formation of H2O by gaining two 

electrons. The corresponding reactions are presented as below (Reactions 1.18-1.20): 

Dissociative Mechanism: 
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                      Pt + ½ O2                                      Pt-Oads                    (1.18) 

                   Pt-Oads + H+ + e-                        Pt-OHads                    (1.19) 

       Pt-OHads + H+ + e-                      H2O + Pt                    (1.20) 

From the above equations, it can be seen that, there is no adsorbed oxygen molecule on the 

surface of Pt. As a result, the oxygen gets transformed directly to water without any hydrogen 

peroxide formation. This mechanism is considered to be more viable and fruitful to convert 

oxygen to water with the direct reduction pathway.  

Overall, considering the orbital concept during the ORR, the electrons are transferred 

from Pt-metal surface to the anti-bonding orbital of oxygen. This process decreases the bond 

order and increases the bond length of the O-O bond, which finally results into its dissociation.  

1.10. Development of Platinum-based Electrocatalysts 

Based on the DFT calculations on the oxygen interactions with different metal 

surfaces,[51-54] clear idea about the coupling of Pt metal with selective transition metals can be 

deduced. Moreover, the energy level of the d-band center with respect to oxygen and the inter-

atomic distance between the Pt contribute more to improve the ORR activity (Figure 1.6). 

Furthermore, the things will be more interesting and more understandable when we consider the 

communication of the bonding state of oxygen with the d-band of the metal.[55] During the 

aforementioned communication, the d-band of the metal and the sigma (bonding) orbital of the 

oxygen form the bonding (d-σ) and anti-bonding (d-σ)* states, as shown in Figure 1.6. 

Importantly, the level of filling of the anti-bonding states has been administered by the density of 

states (DOS) at the surface of the metal, whereas, the bonding orbitals have been considered as 

full. The extent of filling of the anti-bonding states is indirectly proportional to the stabilization 

of the metal-oxygen interaction, i.e., the interaction of the metal and oxygen becomes weak. 

Overall, the extent of filling of the anti-bonding orbitals is depending on the position of the d-

band center.[56] 



AcSIR  Chapter 1 

 

Vishal M. Dhavale   22 

 

Figure 1.6: Diagram illustrating the position of the d-band of Pt-metal and the σ-orbitals of oxygen with 

respect to the Fermi energy level.[57] Here, black and grey colours indicate the extent of the filled and 

unfilled orbitals of metal and oxygen. 

Mainly, the interaction of metal (here, Pt) and oxygen is depending on the position of the 

d-band center of the metal with respect to the Fermi level (EF). Therefore, higher d-band center 

results in stronger bonding and a lower d-band center results weaker bonding between the metal 

surface and oxygen.[57] Here, the term “dbc” stands for the d-band center and “EF” stands for the 

Fermi energy level. 

Overall, the interaction between Pt and oxygen is too strong, which gives the intimation 

that its d-band center is too high.[57] Therefore, alloying of platinum with other transition metals 

lowers the d-band center by altering the electronic structure and inducing a degree of irregularity 

in the Pt lattice, which results in weakening of the metal-oxygen binding. This eventually leads 

to easy dissociation of oxygen and, thereby, better ORR activity.[58] Thus, researchers have 

focussed on the coupling of Pt with different transition metals to achieve better activity, by 

tweaking the surface electronic structure. In view of this, recently, alloys, core-shell structures, 

and cage structures have been developed and studied for ORR.[53, 59-73] The details of the 

important features of the aforementioned engineered structures are given in the subsequent 

sections.  
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1.10.1. Alloys 

ORR on Pt is strongly depending on three aspects: (i) oxygen adsorption energy, (ii) 

dissociation energy of the O-O bond and (iii) binding energy of OH on the surface of Pt. The Pt 

d-band vacancy, i.e., the electronic structure of Pt, and the Pt-Pt inter-atomic distance can 

strongly affect these energies (explained in Section 1.9 and 1.10).[59-60, 74] As per the DFT 

calculations, the predicted energy of oxygen adsorption on different metal surfaces and 

subsequent dissociation (Figure 1.5) are more favourable on the Pt surface. On the other hand, 

Pt-alloys (Pt-M; M = Fe, Co, Ni, Cu, etc.) should possess higher activity than that of pure Pt, as 

proven by the investigations.[51, 53] The improved activity of Pt-alloys is explained on the basis of 

the change in the electronic structure, i.e., increase of the d-band vacancy, geometric effect, 

steric effect and ligand effect (decrease of the Pt-Pt interatomic distance) (as explained in 

Section 1.10).[51, 53] Mainly, whenever an alloy forms, it creates the lattice contraction and 

eventually, leads to change in the Pt-Pt inter-atomic distance, which favours the dissociative 

adsorption of oxygen. As a result, it tunes the ORR activity of alloys compared to the pure Pt 

alone. Arico et al.[59]  studied ORR activity of the Pt-Fe system and the exchange current density 

is found to be 2.15 x 10–7 A/cm2, which is higher than that of the Pt-catalyst (1.63 x 10-8 A/cm2). 

Stamenkovic et al.[58] recently found that ORR is 90 times faster on Pt3Ni than on the pure Pt-

surface. Unfortunately, despite their good activity, dissolution of the transition metal alloyed in 

the Pt-M catalysts is a major drawback because these transition metals (M) are electrochemically 

soluble at a potential range between 0.3 to 1 V vs. NHE in low pH conditions.[59]  Hence, 

extensive research is needed to solve the stability issues and their intimate contact within the 

system. 

1.10.2. Core-Shell Structures 

To overcome the issues related to the alloys such as leaching of non-noble metal and less 

structural stability in acidic conditions, very recently, researchers have come up with a new 

approach, where, the non-noble metal is protected with the noble metal layer. This structure is 

generally termed as core-shell structure and a representation of the structure is shown in Figure 

1.7. Here, the problem associated with the leaching out of the non-noble metal and structural 

stability issue are sorted out and the interaction of the two metals is expected to change the 



AcSIR  Chapter 1 

 

Vishal M. Dhavale   24 

properties of Pt, as in the case of the alloys. Therefore, this strategy could simultaneously address 

the cost and performance requirements in the PEMFCs applications.  

 

Figure 1.7: A schematic representation of a core-shell structured electrocatalyst possessing non-noble 

metal core and noble metal shell. 

Mainly, Pt based core-shell systems are exceptionally important due to the coexistence of 

ensemble, ligand and geometric effects which modulates the characteristics and thereby lead to 

enhanced ORR activity.[62-65] In detail, the ensemble effect is due to the involvement of desperate 

surface atoms to take on distinct functionalities. The ligand effect occurs when two dissimilar 

surface neighbourhood atoms induce electronic charge transfer between the atoms, which 

eventually leads to change in the electronic band structure of the interacting atoms.[66] The 

geometric effect implies differences in reactivity based on the atomic arrangement of the surface 

atoms, which is expected to include compressed or expanded organization of the surface atoms 

termed as surface strain.[66] 

Pt based core-shell structured systems are exceptionally important in this context due to 

the coexistence of all the aforementioned three favourable effects in modulating the 

characteristics and thereby enhancing the oxygen reduction abilities. There is ample evidence 

that core metals such as Cu, Fe, Ni etc. lower the d-band of the shell with respect to the Fermi 

level, making oxygen reduction by the Pt-shelled particles more feasible compared to that of 

bulk Pt nanoparticles.[62-64, 66-68, 70] While both ligand and strain effects determine the d-band 

center of the Pt-shell, a greater surface relaxation reduces the strain in the nanoparticles as 

compared to metal atoms present at the interface of the core and shell. Thus, addition of a non-

noble metal can change the geometric as well as electronic structure of Pt, which ultimately 

enhances its activity and utilization during ORR.[62-64, 66-68, 70] The feasibility of achieving Pt in 
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the form of a monolayer in Pt-based core-shell systems essentially decreases the amount of Pt to 

be loaded in the system while the non-noble metal core modifies the electronic environment of Pt 

by reducing the inter-atomic distances.[62-64, 66-68, 70] Overall, Pt in the form of a thin shell on the 

non-noble metal core leads to enhanced catalyst utilization, better efficiency, and higher catalytic 

activity, thus giving immense scope for validating the techno-commercial prospects of PEMFCs 

by utilizing this new-class of materials. Literature review suggests plenty of methods for the 

synthesis of core-shell structures such as seed mediated growth, electrochemical methods, 

galvanic displacement method, etc.[71-73, 75-77] However, the ability to fabricate core-shell 

particles with uniform thickness, controllable composition, and uniform dispersion on a support 

is really a challenging task.  

1.10.3. Hollow and 3-Dimensional Structured Electrocatalysts 

 

Figure 1.8: A schematic representation and TEM images of the Pt-Ni nanoframe structures obtained at 

different stages, from polyhedra to nanoframes. [Reprinted with permission from {Science, 2014, 343, 

1339}. Copyright {2014} The American Association for the Advancement of Science, License Number: 

3503040027760] 

After successful journey of the core-shell structures as electrocatalysts for the PEMFC 

applications, still, researchers are trying to improve the Pt-activity by changing the morphology 

and by keeping the Pt-content as low as possible.[77] Importantly, the morphology tuning in the 

form of hollow, porous structures of Pt and/or Pt-coupled with transition metals gives higher 
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electrochemically active surface area and molecular accessibility within the structure.[77] During 

the actual formation the nanocage structure, atom of adsorbed metal entities moves into the 

lattice sites of the metal and effectively causing position switching between them. Also, at the 

interface of the two metals, diffusion and/or replacement reaction takes place and based on the 

difference in the surface segregation energy of the two metals, the surface of the particle will be 

dominated by only one metal.[78-80] This phenomenon is termed as “Kirkendall effect”.   

Recently, Han et al.[81] reported the synthesis of hollow Pt nanostructures with octahedral 

and hexagonal frame-like morphologies by a self-template route. The prepared material has 

shown good catalytic activity towards the CO-oxidation. Shao et al.[82] reported the synthesis of 

hollow Pd-Pt nanocage structures by potential cycling (0.6 to 1.2 V vs. NHE) in acid solution, 

where, the Pd core got dissolved due to the dendritic form of Pd@Pt structure, and Pd@Pt 

dendritic core-shell structure was transformed to hollow nanocage structure. These structures 

showed better activity compared to the Pd-Pt dendrites and pure Pt with better stability and 

without change in the structure. Yang et al.[83] (Figure 1.8) recently reported the synthesis of Pt-

Ni nanoframes by employing a chemical reduction of metal precursors followed by controlled 

thermal treatment. The formed Pt-Ni nanoframe structure has shown 36- and 22-fold enhanced 

mass and specific activity, respectively. Recently, many more researchers involved on the 

synthesis of nonzero cage structures based on the Kirkendall effect and galvanic displacement 

method have explored such materials for the application of ORR.[73, 77, 83-89] Overall, the hollow 

nanocage structures have shown improved performance and stability in fuel cell applications.[73, 

77, 81, 83-94] This property modulation is credited to the possible electronic changes, systematic 

atomic arrangement, presence of more voids and edges, higher surface-to-volume ratio and more 

accessible active sites etc.[73, 77-81, 83-94] Therefore, the porous nanocage structures have a potential 

to replace the existing Pt, so that, high utilization could be achieved during uses. 

1.11. Role of Carbon Structures  

The electrochemical devices and energy technology have been sustained by advanced 

nano-materials, mainly, carbon based. The promising properties like high mechanical strength, 

higher electronic conductivity and peculiar morphology, make the carbon material more useful in 

the field of energy market. Hence, scientists are intrigued by the development of carbon based 
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material for different energy conversion and storage devices.[97-107] Specifically, the carbon 

structures have potential to replace a metal from fuel cells and could function as electrocatalysts 

and/or catalyst supports. Moreover, the different allotropes of carbon (graphite, fullerenes and 

diamond) have gained much attention in the field of material science. The discovery of buckyball 

(fullerene),[95] one dimensional (1-D) nanotube and fiber and two dimensional graphene (Figure 

1.9) have opened up new area of research by utilizing them in the energy technologies.  

 

Figure 1.9: Model structures of carbon allotropes: (a) graphite, (b) graphene, (c) carbon nanotube and 

(d) fullerene. 

A detailed discussion on the morphological and property characteristics of the various 

carbon allotropes is given below. 

1.11.1. Carbon Nanotubes 

Carbon nanotubes (CNTs) are allotrope of carbon possessing hollow cylinder 

nanostructure composed of one-atom-thick sp2 carbon framework. These carbon sheets are rolled 

in a definite manner, which decides the overall properties of CNTs. This pioneering work was 

done by Iijima in late nineteenth century.[96] Based on the rolling, they are classified into three 

categories; (i) Armchair (n, n) i.e. m=n, (ii) Zigzag (n, 0) and (iii) Chiral (n, m). The integers “n” 
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and “m” signify the number of unit vector along the two directions in the honeycomb crystal 

lattice of graphene. Hence, based on the values of the unit vector (n and m), the properties of 

CNTs will change. Conversely, more or less, the common properties remain same, for example, 

tensile strength and elastic modulus. Moreover, CNTs possess high mechanical strength due to 

the covalent bonding between the neighbouring carbon atoms and high thermal and uni-

directional electrical conductivity. Therefore, CNTs have found applications in nanotechnology, 

electronics and material science and the related technologies. The CNTs have dual characteristics 

of metallic and semiconducting and the band gap can be tuned from zero to 2 eV, which has 

great scope of use in miniature electronic devices. Along with this, they are being used as 

filler/additives for several structural materials.  

Owing to the promising properties of CNTs, they have been utilized not only as catalyst 

support but also as electrocatalysts in the field of energy devices, specifically for fuel cells.30One 

way to use them is by modifying the surface and another way is by changing the electronic 

structure through hetero-atom doping.[97-101] In view of this, CNTs are modified by chemical 

treatment to achieve a good fertile surface for nanoparticle decoration and explored as 

electrocatalysts for fuel cells.[97-101] Secondly, the CNTs are doped with hetero-atoms (namely, N, 

S, P, and B) to use as electrocatalyst-cum-support.[101] 

1.11.2. Carbon Nanofibers 

Carbon nanofibers (CNFs) are graphene layers arranged as stacked cones, cups or plates 

in a cylindrical manner. They are synthesised by vapour grown techniques at temperatures higher 

over 800 oC. CNFs with particular dimensions have drawn lots of attention in the field of energy 

applications, thanks to their potential properties which make them simple to use, like, high 

thermal, electrical, frequency shielding and mechanical property. They are being extensively 

utilized in several applications, including selective adsorption, hydrogen storage, polymer 

reinforcement and catalysts support. There are mainly three types of CNFs[102] (Figure 1.10): (i) 

Herringbone: in which the  

graphene layers are stacked obliquely with respect to the fiber axis, (ii) Platelet: in which  

the graphene layers are perpendicular to the fiber axis, (iii) Ribbon: in which the  

graphene layers are parallel to the growth axis. The above three types of CNFs have different 
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properties and their characteristics decide their application. However, the herringbone CNF has 

attracted particular attention due to its peculiar graphene sheets arrangements, which ultimately 

give higher active centers, better conductivity and surface area.  

 

Figure 1.10: Pictorial representations of the three types of CNFs: (i) herringbone, (ii) platelet and (iii) 

ribbon. 

High surface area, controlled pore size and pore size distribution are necessary for  

the application of these materials in a specific end use. Thus, the specific surface area and  

porosity of CNFs can be significantly modified by an activation process that  

removes the most reactive carbon atoms from the surface of the structure. The porous texture of 

the activated carbons depends strongly on the activation process and the nature of the precursor 

used for the chemical and/or physical treatment. 

Moreover, it has been reported that the experimental variables have great influence on the  

porosity of the activated carbons prepared by the chemical activation.[102] Owing to their 

promising properties CNFs have great future in energy applications. Recently, Beena et al.[103] 

could utilize CNF by decorating Pt nanoparticles on the inner and outer walls and demonstrate its 

application as an electrocatalyst for PEMFC. Palaniselvam et al.[104] also used the CNF as a 

metal-free electrode for PEMFC applications by doping the surface with hetero atoms.  



AcSIR  Chapter 1 

 

Vishal M. Dhavale   30 

1.11.3. Graphene 

After ground-breaking experiment of Andre Geim and Konstantin Novoselov at the 

University of Manchester, attention on graphene has increased dramatically. This discovery of 

nearly single layer graphene brought the Nabel Prize of physics (2010). Mainly, graphene 

(Figure 1.9) is a crystalline allotrope of carbon composed of sp2 carbon in the form of very thin 

and nearly transparent sheet possessing 2-dimentiaonal (2-D) properties. It can be described as 

one-atom thick layer of graphite (Figure 1.9). Graphene is a fascinating material in terms of its 

thermal and electrical conductivity along with good mechanical strength. The most useful 

property of graphene is that it is a zero-band gap semiconductor, in which both electron and hole 

are charge carriers. Owing to these extraordinary properties, graphene is now being utilized as 

flexible and stretchable conductors.  

Recently, the properties of graphene have been significantly utilized in the field of 

electrochemical devices, which include the PEMFCs, batteries, solar cells and supercapacitors. 

In PEMFCs, graphene is being used as the catalyst support, which increases the electron 

conductivity during operation. Along with this, since, last two years, graphene has gained 

attention as a metal-free electrocatalyst in the field of energy conversion devices, especially, in 

PEMFCs. Palniselvam et al.[104] recently have explored the nitrogen doped graphene has a 

potential catalyst to replace the existing Pt-based electrocatalysts from PEMFCs. Dai et al.[105] 

also could apply N and P-doped CNTs as replacements of Pt. Moreover, Kannan et al.[106-107] 

have reported that the composites of graphene with Nafion and PBI can increase the performance 

as well as stability of the proton conducting membranes in PEMFCs. Owing to the properties and 

recent applications of graphene, it has a great future in the energy conversion and storage 

devices.  

1.12. Non-Platinum based Electrocatalysts for Oxygen Reduction Reaction  

Replacement of Pt from the PEMFC electrode is a big challenge in front of the scientific 

community. Therefore, the transition metals like, Fe, Co, Ni, Cu, Mn, Au, Pd, Au-Pd, Cu-Pd, Fe-

Pd, Ni-Pd, Fe-Co, Fe-Ni, Co-Ni, Fe- and Cu-complexes have been extensively studied for ORR, 

in the unsupported and/or supported format.[97-107] Amongst these metals, Fe, Co and Ni are the 

champions, which have a potential to solve at least the cost issue. In addition to the metal oxides, 
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some conducting polymers and metallo-phorphyrins are also being positioned as potential 

materials to substitute the state-of-the-art catalysts (Pt/C). Although it is extensively researched, 

still there are debates on the structure and nature of the active centers. There are also concerns 

and claims on the activity and stability of these systems under the real operating conditions. 

Recently, hetero-atom doped carbon materials have gained a wide attention due to their ability to 

display nearly comparable ORR activity with Pt/C. In addition, the transition metals dispersed on 

the hetero-atom doped carbons have shown promising activity in acidic as well as basic 

environments. Consequently, these materials are expected to have great prospects for future 

applications in the field of electrochemical devices. In the subsequent section, a discussion on the 

various approaches used for the synthesis of hetero-atom doped carbon materials, use of NGr for 

the synthesis of novel metal@NGr core-shell structures and their basic active centers for ORR is 

included. On the same track, the intrinsic properties of the transition metals to achieve exquisite 

3-D structures based on metal-NGr interaction have also been explained. 

1.12.1. Hetero-Atom Doped Carbon Allotropes 

 Taking advantage of different properties of graphene and its reasonable activity towards 

ORR in alkaline conditions, there has been a great attention by the researchers to build new 

materials which can display activity not only in alkaline medium but also in acidic conditions. In 

view of this challenge, recently various hetero-atom (N, S, P and B) doped carbon allotropes 

have been synthesized by hydrothermal, carbonization, annealing  and vapour deposition 

methods.[108] Under such conditions, the precursor may be used internally or externally to get the 

desired product. The doped hetero-atom and its nature plays a major role in deciding the ORR 

pathway.[108] As per the literature reports, in the case of the N-doped materials, various 

theoretical studies point towards the involvement of the pyridine-N sites towards ORR.[108] 

 Recently, Dai et al.[105] have explored N, P and S ternary-doped metal-free porous carbon 

materials using metal organic frameworks (MOFs) as templates for ORR by annealing N, S, and 

P containing MOFs at higher temperature. The synergistic effect of N, P and S ternary-doping 

helped to achieve positive onset potential for ORR compared to the commercial Pt/C catalyst.  
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Figure 1.11: Synthesis scheme of N, S and P co-doped porous carbon material from MOF. [Reprinted 

with permission from {Scientific Reports, 2014, 4, 51303}, and we fully acknowledge the authors of the 

paper Dai et al.] [105] 

Banerjee et al.[109] have reported the nitrogen containing porous organic framework 

(POF) as a template to achieve highly porous and conducting N-doped carbon (Figure 1.12), 

which has shown better kinetics towards ORR compared to the state-of-art Pt/C electrocatalyst. 

 

Figure 1.12: Synthesis of N-rich porous carbon material POF-C-1000 from a porous organic framework 

(POF)at 1000 oC by using a nanocasting method.[109] [Reprinted with permission from {Chemistry - A 

European Journal, 2013, 19, 974-980}. Copyright © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, 

Weinheim, John Wiley and Sons, License Number: 3505791145047] 

Dai et al.[110-111] in a recent report highlighted the synthesis of in-situ N-doped vertically 

aligned carbon nanotubes (VA-NCNTs) by chemical vapor deposition technique for alkaline fuel 
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cells (Figure 1.13). During a real application validation in air-saturated 0.1 M KOH, the authors 

observed a steady-state output potential of -80 mV and a current density of 4.1 mA/cm2 at -0.22 

V whereas the Pt/C electrode delivered the steady-state voltage of -85 mV and current density of 

1.1 mA/cm2 at -0.20 V. The incorporation of electron-accepting nitrogen atoms in the conjugated 

nanotube carbon framework appears to impart a relatively high positive charge density on 

adjacent carbon atoms. This effect, coupled with aligning the NCNTs, provides a 4e- oxygen 

reduction pathway with excellent performance. 

 

 

Figure 1.13: (a) CVs for oxygen reduction at the unpurified (upper) and electrochemically purified 

(bottom) VA-NCNT/glassy carbon (GC) electrodes in the argon-protected (dotted curves) or air-saturated 

0.1 M KOH (solid red curves) at the scan rate of 100 mV/s, (b) RRDE voltammograms and the 

corresponding amperometric responses for oxygen reduction in air-saturated 0.1 M KOH at the NA-

CCNT/GC (curves 1 and 1′), Pt -C/GC (curves 2 and 2′), and NA -NCNT/GC (curves 3 and 3′) electrodes 

at the scan rate of 10 mV/s. The electrode rotation rate was 1400 revolutions per minute (rpm), and the 
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Pt-ring electrode was poised at 0.5 V, (c) RRDE voltammograms for oxygen reduction in air saturated 

0.1 M KOH at the Pt-C/GC (curve 1), VA-CCNT/GC (curve 2), and VA-NCNT (curve 3) electrodes 

(because of the technical difficulties associated with the sample mounting, amperometic responses with 

the Pt ring electrode were not measured for the vertically aligned carbon nanotubes), (d) calculated 

charge density distribution for the NCNTs and (e) Schematic representations of the possible adsorption 

modes of an oxygen molecule at CCNTs (top) and NCNTs (bottom).[Reprinted with permission from 

{Science,2009, 323, 760-764}. Copyright {2009} The American Association for the Advancement of 

Science, License Number: 3505811024438].[111] 

Also, Dai et al.[110] have reported the in-situ N, and P co-doped vertically aligned carbon 

nanotubes prepared by a chemical vapor deposition technique (Figure 1.14), which showed 

better activity than Pt/C.  

 

 

Figure 1.14: A schematic illustration of the in-situ prepared N and P co-doped CNT and its performance 

characteristics for ORR. [Adopted with permission from (J. Phys. Chem. Lett. 2012, 3, 2863−2870 ). 

Copyright (2012) American Chemical Society]. [110]  
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Collectively, the hetero-atom doped carbon materials have great scope in near future. 

Therefore, it has attracted the attention of the fuel cell researchers who are looking for cost 

effective alternatives for the Pt based catalysts. Although so much of work is reported in the 

literature, still there are some pin holes which need to be filled effectively like improving the 

conductivity, understanding the exact nature of the active centers and reducing the overpotential 

associated with the ohmic drop, etc.  Hence, coupling of hetero-atom doped carbon with metal 

particles is being considered as an effective way to sort out this issue, where the synergistic 

effects of the metal and carbon is expected to help to tune the properties of the catalyst towards 

improved ORR.  

1.12.2. Non-Noble Metal Based Electrocatalysts 

 The non-noble metal supported on the conducting substrates or bi-non-noble metal based 

engineered structures have been come up as good contestants to replace the expensive Pt. 

However, despite the enormous research in the field of non-noble metal based electrocatalysts, 

the activity still is lagging behind that of the Pt based systems due to the lower number of the 

active centers in the former case. These systems also possess higher ohmic drop, which adds to 

the reduction in the performance. Therefore, non-noble metals (Cu, Co, Ni, and Fe, etc.) 

supported on or capped by carbon materials (graphene, CNTs, CNFs, carbon nanohorns (CNHs), 

etc.) with covalent bonding between them could be a promising solution to this issue.[5, 112-115] 

These systems have been synthesised by both in-situ and ex-situ methods. Some of the findings 

are discussed in the sub-sections. 

 

1.12.2.1. Metal-Carbon Core-Shell Structures 

 Since last few years, the metal-carbon core-shell structures have gained significant 

attention due to their structural benefits which can help to meet the requirements on cost as well 

as activity.[5, 112-115] Main advantage of these metal-carbon materials is the modulated properties 

of the carbon shell owing to the interaction of the s-orbital of the surface carbon atom with the d-

orbital of the inner metal core.[5, 112-115] This mutual interaction between the orbitals of the two 

dissimilar neighbouring atoms changes the electronic structure of the surface carbon atom and 

thereby indirectly increases the overall conductivity as well as activity towards the 
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electrocatalysis. Specifically, in case of ORR, the distribution of charges from the core to shell 

makes the non-metallic shell more reactive towards the dissociative adsorption of oxygen prior 

to its reduction.  

There is a report by Chen et al.[112],  which highlights the synthesis of a novel core-shell-

structured hybrid ORR catalyst possessing nitrogen-doped porous Fe/Fe3C@C nanoboxes 

supported on graphene (N-Fe/Fe3C@C/Gr) sheets via simple pyrolysis of graphene oxide-

supported iron-based MOFs (Figure 1.15). N-Fe/Fe3C@C/Gr exhibited higher electrocatalytic 

activity than Pt/C by maintaining long-term stability and superior methanol tolerance. 

 

Figure 1.15: FESEM images (a-b), TEM images (c-e), SAED pattern (f) and corresponding elemental 

mappings (g-j) of N-doped Fe/Fe3C@C/RGO. [112] [Reprinted (adapted) with permission from {Advanced 

Energy Materials, 2014, 4. DOI:10.1002/aenm.201400337}. Copyright © 2014 WILEY-VCH Verlag 

GmbH & Co. KGaA, Weinheim, John Wiley and Sons, License Number: 3506380068170] 

Similarly a report by Chan et al.[5] illustrates preparation of a core-shell catalyst possessing high 

surface area and large pore volume iron-nitrogen-doped hollow core and mesoporous carbon 

shell (Fe-N-HCMS), which provides high activity for the ORR with excellent mass transfer, 

durability, and methanol tolerance characteristics.  
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Figure 1.15: (left) TEM image of iron-nitrogen-doped hollow core and mesoporous carbon shell (Fe-N-

HCMS), (right) LSVs recorded at different rotation rates of the working electrode.[5] [Reprinted with 

permission from {Advanced Energy Materials, 2014. DOI:10.1002/aenm.201400840}. Copyright © 2014 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, John Wiley and Sons, License Number: 

3507610020181] 

Liu et al.[113] have reported a one-step technique for the controllable creation of metal-

graphene core-shell structures, hollow graphene nanospheres and metal nanoparticles dispersed 

on graphene. These metal-graphene nanostructures were used for the organic molecule 

conversion, like, oxidation of cyclohexene to cyclohexanol. 

 

Figure 1.16: Synthesis strategy for obtaining different metal–graphene complex nanostructures by 

varying the molar ratios of graphene to metal salts: (a) core– shell nanostructures, (b) hollow graphene 

nanospheres and (c) a high density of metal nanoparticles supported on graphene (M and n are 

respectively representative of metal ion and valence; R = 1 mg(graphene) per 100 mM(metal salt).[113] [Reprinted 

with permission from {Nanoscale, 2014, 4, 4964-4967}, and we fully acknowledge the authors of paper].  



AcSIR  Chapter 1 

 

Vishal M. Dhavale   38 

In brief, the non-noble metal encased by another non-noble metal has shown favourable 

activity modulation towards the electrocatalytic activity. However, due to its limited scope or 

structural instability in acidic conditions, these systems are still being considered as lying in their 

early evolving stage. However, as discussed above and as cited in some of the recent literatures, 

some strategies could be developed to solve at least the stability issue.  It is found that, shielding 

of the non-noble metal with more stable and active layer of carbon (such as heteroatom doped 

carbon) could tackle the issue effectively. Some of the findings in this direction have already 

shown better activity and stability towards the electrocatalysis.[5, 112-115] 

1.12.2.2. Non-Zero Dimensional Electrocatalysts 

As discussed earlier in Section 1.10.3, some Pt-based hetero-nanostructures possesses 

beautiful geometry with higher number of active centred hollow structures. These structures 

possess better molecular accessibility and are reported to be functioning as better catalysts for the 

applications like fuel cells, metal-air batteries and water splitting reactions etc. In view of these 

and further to reduce the cost without sacrificing the overall activity, recently,  new non-noble 

metal based (coupled with/without carbon) structures have  been reported for ORR, hydrogen 

evolution reaction (HER), oxygen evolution reaction (OER), etc. Some-of-the findings are 

highlighted below. 
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Figure 1.17: SEM images of (a) α-MnO2 bulk particles, (b) nanowires, (c) flowerlike nanospheres, (d) 

crystal structure of α-MnO2 and (e) K-L plots for the three α-MnO2 samples at -0.3 V (vs. Ag/AgCl).[116] 

[Reprinted with permission from {Chemistry of Materials 2009, 22, 898-905}. Copyright (2010) 

American Chemical Society]. 

Chen et al.[116] reported the geometrical effect of MnO2-based nanostructures (sheet, wires 

and flowers) for ORR in alkaline media. The activity of the MnO2 based nanostructures is found 

to be strongly depending on the crystallographic structure and the morphology. Moreover, 

excluding the structural impact on the activity, it follows an order of α- > β- > γ-MnO2. 

Furthermore, among the α-MnO2, nanospheres and nanorods are shown to be superior compared 

to the microparticles in terms of the positive oxygen reduction potential and improved current 

density (Figure 1.17). The α-MnO2 followed a 4-electron reduction pathway. Despite this, Ni 

nanoparticles dispersed on α-MnO2 nanowires (MnO2-NWs@Ni-NPs) further improved the 

overall ORR catalytic activities. Therefore, the alignment of the MnO2 in the particular direction 

or an assembly of MnO2 in the form of flower makes the system more viable for the 

electrocatalysis.   

 

Figure 1.18: (left) TEM image of Pd0.90Ni0.10 nanowires and (right) volcano type relationship between the 

activity and compositions.[117] [Reprinted with permission from {ACS Catal., 2014, 4 (8), 2544–2555}. 

Copyright (2014) American Chemical Society]. 

Wang et al.[117] have reported the synthesis of Pd-Ni 1-D nanowires by using surfactant 

and later, purified by butylamine-based surfactant-exchange process. The performance of the 
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different compositional Pd-Ni nanowires has been utilized for the ORR (Figure 1.18). Moreover, 

this work represents the volcano-type relationship between the chemical compositions with 

respect to the activity towards the ORR. As per the authors, the Pd0.90Ni0.10 sample exhibited 

highest specific activity of 1.96 mA/cm2 at 0.8 V (vs. RHE) as compared to all the prepared 

different compositional Pd-Ni nanowires. Therefore, the 1-D nanowires of Pd-Ni have shown 

better activity and stability under the operating conditions compared to Pt/C.  

Lee et al.[118] have given an explanation on the activity of nanowires (NW) and their 

porous structure for ORR. The authors described the preparation of 1-D nanocomposite wires of 

Ag, Au and AgCl (Ag/Au/AgCl) and studied the effect of systematic change in the relative 

composition of Au and Ag on the ORR activity in alkaline medium. The Ag-wires were galvanic 

displaced with Au to get Ag/Au/AgCl composite NW. The Ag/Au/AgCl core-shell structures 

were changed to the porous hollow 1-D wires, as the Au precursor concentration increases 

(Figure 1.19). As a result, the Ag and AgCl concentration got decreased with increase in the Au 

content. The compositional ratio of Ag, Au and AgCl as 4 : 86 : 10 has shown high ORR current 

with positive onset potential, better stability and ethanol tolerance under the operating 

conditions. Overall, this study revealed that the Ag-Au nanocomposites could be a good 

alternative to the Pt-based cathode catalysts in fuel cells as well as in metal-air batteries. 

 

Figure 1.19: Schematic illustration for the galvanic replacement reaction between AgNW and AuCl4
- as a 

function of the concentration of AuCl4
-. Step (I): deposition of Au and formation of AgCl; step (II): 

deposition of Au and dissolution of AgCl.[118] [Reproduced from {J. Mater. Chem., 2012, 22, 15285-

15290} Copyright (2012) with permission of The Royal Society of Chemistry, Licence Number: 

3530160418846]. 



AcSIR  Chapter 1 

 

Vishal M. Dhavale   41 

The systematic structural transformation of Cu2O in the form of nanocages, nanoframes 

and truncated rhombic dodecahedral structures is illustrated by Hung et al. in a recent report[119]  

(Figure 1.20). After mixing the reagents, the nanoframes (Type-I) is just a skeleton of the (110) 

faces (Figure 1.20). Further crystal growth transforms these nanoframes into nanocages with 

predominantly enclosed (100) faces. In addition, the effect of addition of ethanol in the nanocage 

solution and subsequent HCl etching disrupted the adsorption of the surface-capped sodium 

dodecyl sulfate and assisted the favoured engraving of the (110) faces. This complicated process 

results in the formation of nanoframe structures (Type-II) (Figure 1.20). These core-cage 

composite materials can find possible applications in various areas such as drug delivery, 

molecular sensing, and so on.  

 

Figure 1.20: SEM and TEM images of the truncated rhombic dodecahedral Cu2O nanoparticles: (a-d) 

Type-I nanoframes, (e-h) nanocages and (i-l) Type-II nanoframes. The magnified images clearly show the 

hollow structures of the nanoparticles.[119] [Reprinted with permission from (J. Am. Chem. Soc. 2008, 

130, 12815–12820). Copyright (2008) American Chemical Society]. 

 Wiley et al.[120] have summarised all the possible way of synthesis of noble/non-noble 

metal based anisotropic structures by simple oxidative etching methods. These authors have 
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claimed the oxidative etching as a versatile technique to achieve systematic nucleation and 

growth of the metal particles at atomic level itself. Furthermore, the same technique could be 

used to reorganize nanocrystals through the atomic addition and/or subtraction. Mainly, in the 

nanocrystals synthesis, nucleation, evolution from nuclei into seeds and finally growth of seeds 

to crystals are the three major stages involved. The oxidative etching plays a major role at these 

mentioned stages. Moreover, the etching can have several roles, like, control of single crystal vs. 

twinned structures, directional or sequential rate of atomic addition, and surface activation to 

supply the spot or centers for atomic additions. These things can be accomplished in a single 

stage. The oxidative etching results into different anisotropic structures, which possess unique 

properties (Figure 1.21). This could have direct or indirect role in deciding the overall 

characteristics of the material during electrolysis, which has been explained by Prof. Wiley and 

Xiong. [120] 

 

Figure 1.21: Summary of the reaction pathways affected by oxidative etching, leading to fcc metal 

nanocrystals with different shapes.[120] [Reproduced from (Chem. Soc. Rev., 2014, 43, 6288-6310) with 

permission of The Royal Society of Chemistry, License Number: 3530691129777]. 

 In 2011, Gonzalez et al.[121] presented the beautiful structures of Ag-Au, carving the Ag 

seeds at the nanoscale. The sequential galvanic exchange between the Ag-seed (template) with 
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gold chloride followed by Kirkendall growth could resulted into the well-defined atomically 

arranged hollow structures. Authors have explained how the difference in the reduction potential 

values of the two different metals can be utilized to build these kinds of materials. Moreover, the 

systematically complex chemistry between the Ag particles with the gold chloride resulted into 

selective displacement reaction and formed AgCl and Ag-Au nanostructures within the reaction 

conditions. Figure 1.22 represents the spherical, cubic and cylindrical morphologies of Ag-Au 

by galvanic exchange and Kirkendall effect. A discussion on the Kirkendall effect is already 

given in Section 1.10.3.  

 

Figure 1.22: The synthetic route reported in this work produces structures with (A) spherical, (B) cubic, 

and (C) cylindrical topologies. TEM images are accompanied by drawings that represent the morphology 

of each nanostructure.[121] [Reprinted with permission from {Science, 2011, 334, 1377-1380}. Copyright 

{2011} The American Association for the Advancement of Science, License Number: 3530730599037]. 

 Overall, from the non-zero dimensional Pt-free structures as cited above, it can be 

concluded that the non-zero dimensional structures possess higher number of active sites due to 

their ordered arrangement and intra-molecular connectivity within the structure. Moreover, along 

with the different anisotropic structures (cube, sphere, rods, wires, etc.), the 

carved/hollow/surface defective/3-D active nanocage structures are more effective as they 
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possess more surface-to-volume ratio with better molecular accessibility within the structure. 

These properties make the system more viable and interesting in the field of energy conversion 

as well as storage.  

1.13. Importance of Oxygen Reduction Reaction Electrocatalysts for Metal-

Air Battery Applications 

 The aforementioned materials developed for ORR are important not only in the 

application of PEM fuel cells but they also have great scope in the field of metal-air batteries. 

Commonly, the overall efficiency of both the systems has been administrated by the cathode 

material activity. Hence, the materials which have the potential to serve as efficient cathode 

catalysts for PEMFC can be effectively used as cathode materials in the field metal-air batteries. 

Therefore, use of better ORR catalyst as the air electrode in the metal-air batteries can broaden 

the scope of the materials.  

1.13.1. Superiority of Zn-Air Battery Compared to Li-ion/Li-Air Battery 

Rechargeable Li-ion batteries are being conventionally televised as the most efficient and 

trustworthy devices compared to the various electrical storage devices (primary Zn-MnO2 (Zn-

Mn), rechargeable lead-acid and nickel-metal hydride (Ni-MH), etc.), which could convert 

chemical energy directly into electrical energy and/or electrical to chemical energy by reversible 

redox reactions.[16, 18] Moreover, Li-ion battery is being considered as the most capable storage 

device, because of its relatively long-cycling life (>5000 cycles) and high-energy efficiency 

(>90%). Conversely, the Li-ion batteries are facing drawbacks due to their lower energy density 

(theoretical value of energy density is ~400 Wh/kg).[16, 122-124] Even with the use of the currently 

available materials during fabrication, it is still tough to achieve the high energy demands 

required for transport vehicles.[125]Along with this, Li-intercalation during the charging and 

discharging limits the energy density of the Li-ion batteries. In this perspective, it is an 

obligatory to develop a high energy density storage device. To overcome this issue, one needs to 

avoid the intercalation mechanism during charge-discharge. Therefore, substitution of 

intercalation material (cathode electrode) with a catalytically active ORR and OER electrode 

may solve the existing energy density issue in the storage devices.[16, 18, 21, 122-129] These devices 

are termed as metal–air batteries, namely, Zn–air and Li–air batteries. These metal-air batteries 
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have gained ample attention of researchers because of their extremely high energy density, low 

cost, and environmentally friendly operation.[21, 126-129] Additionally, the metal-air batteries 

produce energy via redox reaction between the metal (Zn/Li) and the oxygen in air.[21, 126-129] 

Among the metal-air batteries, mainly, the Li-air and Zn-air batteries possess very high 

theoretical energy density of 11700 and 1100 Wh/kg, respectively.[21, 126-129] Even, these values 

are better than that of the other traditional batteries (primary Zn-MnO2 (Zn-Mn), rechargeable 

lead-acid, nickel–metal hydride (Ni-MH), Li-ion etc.).[18] In addition, among the metal-air 

batteries (i.e. Zn-air and Li-air), Zn-air batteries have added advantages, such as a flat discharge 

voltage plateau, high safety, low cost, open system, long shelf-life and higher achievable energy 

density.[16, 18, 21, 122-129]  

1.13.2. General Characteristics of Zn-Air Battery 

 The characteristics of the Zn-air batteries are listed as: 

1. Highest capacity-to-volume ratio  

2. Relatively flat discharge curve 

3. More stable voltage at high current 

4. Constant internal resistance 

5. Activated by just exposing cathode side for air access 

6. Better service maintenance  

7. Low cost  

8. Higher energy density  

9. Easy fabrication 

10. Open set-up 

1.14. Working Principle of Zn-Air Batteries  

 Basic fundamental reactions of a Zn-air battery are similar to the fuel cells. Here, instead 

of hydrogen oxidation in the case of a fuel cell, Zn-oxidation takes place at anode side of the Zn-

air battery. On the other hand, the cathodic reaction, i.e. ORR, is same in both the systems. 

Hence, the Zn-air battery is also called as Zn-air fuel cells. In both the devices, sluggish ORR 

decides the overall efficiency of the system.  
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Figure 1.23: The schematic illustration of a Zn-air battery.  

In brief, a Zn-air battery generates the electricity from the chemical reactions occurring at 

the anode and cathode as represented in the figure (Figure 1.23). Mainly, the Zn-air battery is 

consisted of having three main parts, namely, (i) anode (Zn-metal), (ii) cathode (ORR catalysts), 

and (iii) alkaline medium (ionic conductor). During the actual chemical reaction, at the cathode, 

the oxygen enters the cell through the porous gas diffusion electrode (GDE) and comes into 

contact with the positively charged electrode and generates the hydroxyl (OH-) ions. These OH-  

ions transport to the anode side through the aqueous KOH electrolyte and react with the Zn-

metal (at anode), which results into the oxidation of Zn to form a zincate ion, which eventually, 

splits into two hydroxyls, water molecule and zinc oxide, liberating two electrons. These 

electrons travel through a circuit to power up a device (Figure 1.23). The reactions in the Zn-air 

alkaline battery during the discharge is shown below (Equation 1.21-1.23): 

Cathode        :  O2 + 2H2O + 4 e-    4OH-                                          (1.21) 

Anode           :  2Zn         2Zn+2 + 4e-                                                     (1.22) 

Overall         :   2Zn + O2 +2H2O      2Zn (OH)2                           (1.23) 
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1.15. Roadblocks of Commercialization of Zn-Air Batteries 

Similar to PEMFCs, Zn-air battery is facing issues due to the sluggish cathodic reaction, 

i.e. ORR, which limits its overall efficiency. Zn-air batteries have very high achievable energy 

density compared to the traditional Li-based batteries. It is mainly attributed to the absence of 

intercalation-deintercalation process during the charging-discharging process due to the use of an 

electro-catalytically active material as the air electrode. Although the Zn-air battery has been 

studied from decade, it still needs improvement in efficiency by deploying better ORR 

electrocatalysts in the system. Along with this, oxidation of the Zn-metal produces the inactive 

Zn-oxide which will be accumulated on the surface of the electrode, creating barricade for 

further reaction. This is also being considered as a big challenge to fabricate the reversible 

(secondary) Zn-air battery.[22] To achieve reversibility, dual characteristic electrocatalyst which 

possesses ORR and oxygen evolution reaction (OER) activity has great future. Therefore, the 

sluggish cathode reaction (ORR/OER) is the major stumbling block in front of its wide-spread 

applications in the field of energy generation. Along with this, the fabrication strategy, 

electrolyte leakage and porosity of the conducting support material also decide the overall 

performance.   

In addition, the performance of the Zn-air battery is affected by the factors like, voltage 

drop during the polarization, carbonation of the electrolyte, transpiration of water, and 

efficiency.[130] During polarization, the initial voltage drop is found to be very sharper with 

increasing the current compared to the other types of batteries, may be due to the oxygen 

diffusion limitations.[130] Another factor is the vaporization and carbonation of the electrolyte, 

since the Zn-air battery is an open system. The KOH electrolyte is vulnerable to absorbing CO2 

from ambient air which leads to crystallization of carbonate in the porous cathode electrode 

(Equation 1.24 and 1.25) and causes mechanical damage, which leads to deterioration of the 

performance. The reactions of CO2 with the KOH electrolyte can be represented as below:[130-132] 

CO2 + OH-                             CO2
3- + H2O                                   (1.24) 

CO2 + KOH                           K2CO3 + H2O                                  (1.25) 
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During this process, the water molecules get transferred to atmosphere in the presence of 

partial pressure difference between the electrolyte and the air. Hence, loss of water increases the 

concentration of the electrolyte and ultimately increases its viscosity and eventually drying out 

and premature failure. Overall, the greatest challenges lie within the air electrode of the zinc-air 

battery. The problem associated with the air electrode has already been mentioned above 

(sluggish ORR and OER, high overpotential, etc).[133] In addition, parasitic products such as 

hydroperoxyl radicals generated during the ORR can lead to earlier degradation of the active 

catalysts, which will impact the durability and the efficiency of the zinc-air battery. Therefore, 

this thesis will further investigate towards developing stable and effective catalysts for ORR. 

1.16. Scope of the Research and Objective of the Present Work 

Based on the solid groundwork done by the researchers and critical literature survey, it is 

very much clear that, both the energy conversion and storage devices are struggling for the wide-

spread applicability due to improper implementation of the components in the systems and major 

prevailing issues like lower activity (in terms of higher overpotential) and cost of the 

electrocatalysts used. Therefore, lots of efforts have been taken by the researcher to reduce the 

overpotential gap by tuning the electronic and geometrical properties of the electrocatalysts. The 

synthesis of definite shaped mono- or multi-metallic electrocatalysts in the supported and/or 

unsupported form has large scope of research to overcome some of the pertinent issues in this 

field. Specifically, combination of the noble metal Pt with non-noble metals like Cu, Fe, Ni, etc. 

can make the system more efficient than the Pt alone. In view of this, engineered structures of 

Cu-Pt, Ni-Pt, and Fe-Pt, etc. in the form of alloy, core-shell, and hollow nanocage have been 

developed, which are found to be displaying better activity compared to Pt alone. Moreover, the 

dispersion of such engineered structures on a support substrate is a challenging task. Hence, there 

is a scope to develop suitable one-pot synthesis techniques, which can resolve the issues related 

physical and chemical aspects of the materials being used in energy applications like fuel cells, 

metal-air batteries etc.  

In line with that, I focused on the synthesis of low-Pt and Pt-free engineered structures by 

using simple and easy techniques for ORR along with the counter reaction of metal-air battery, 

i.e., oxygen evolution reaction. The main objectives of the present work are listed below:  
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1. One-pot synthesis of low-Pt based core-shell structures by shielding the concentrated 

non-noble metal core with noble metal shell and the simultaneous dispersion of the 

core-shell particles on the conducting substrate by developing a commercially 

feasible surface-modification-cum-anchoring strategy.  

2. Investigation of the modulated property characteristics as accomplished by the 

interactions between the core and shell phases in the core-shell systems by adopting 

various physical and electrochemical characterization methodologies. 

3. Fundamental understanding on the influence of the shell thickness on the intrinsic 

ORR activity of the core-shell catalysts and the catalyst layer thickness on the single 

cell performance characteristic in the electrodes derived from the core-shell structured 

catalysts.  

4. Investigation of the effect of electro-catalytically active 3-D hollow nanocage (Pt and 

Pt-free) structures towards electrocatalysis (specifically, PEMFC and metal-air 

battery). 

5. To study the effect of a conducting core on the ORR characteristics of the nitrogen 

doped graphene by preparing core-shell structured nanoparticles possessing the 

conductive core encapsulated by the nitrogen doped graphene shell.  

6. To make use of the influence of the carbon dissolution property of some metals such 

as Ni for tuning the growth pattern of the carbon-metal nanostructures and evaluation 

of their structural and electrochemical properties. 
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Chapter 2 
Experimental Methods and  

Characterization Techniques  

Present  chapter gives a transitory depiction of different procedures adopted for the 

synthesis of low-platinum (low-Pt) and platinum-free (Pt-free) structures, namely, Cu@Pt 

and Fe2O3@Pt core-shell structures supported on Vulcan carbon (C) by using ascorbic acid 

(AA) reduction method, Au@Gr and Au@NGr core-shell structures by using water-in-oil 

(W/O) emulsion method, CuPt nanocage (CuPt-NC) structures by galvanic displacement 

technique and Ni-NGr nanocage structures by similar W/O emulsion method. This chapter 

also contains the protocol employed for the synthesis of graphene oxide (GO), reduced 

graphene oxide (RGO) and nitrogen-doped graphene (NGr). Additionally, the chapter 

provides the working principles of different spectroscopic and diffraction techniques used for 

the investigation of structural properties of the synthesised electrocatalysts like high 

resolution transmission electron microscopy (HR-TEM), scanning electron microscopy 

(SEM), energy dispersive X-ray analysis (EDAX), X-ray diffraction, X-ray photoelectron 

spectroscopy, Raman spectroscopy etc. The working principles of various electrochemical 

techniques like cyclic voltammetry (CV), rotating disk electrode (RDE), rotating ring disk 

electrode (RRDE) and chronoamperometry (CA), which are comprehensively utilized in the 

present work to investigate the oxygen reduction reaction (ORR) and oxygen evolution 

reaction (OER) characteristics of the above mentioned catalysts, have also been discussed. A 

fuel cell made from Fe2O3@Pt/C as a cathode electrode has been tested with Nafion® as the 

ionic conductor and a discussion on the experimental procedure on this is also included in 

this chapter. 
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2.1 Experimental Methods 

2.1.1 Chemicals and Materials 

 Cupric chlorides (CuCl2), ascorbic acid (AA), chloroplatinic acid (H2PtCl6.6H2O), 

sodium hydroxide (NaOH), iron nitrate (Fe(NO3)3.9H2O), hydrogen peroxide (H2O2), 

chloroauric acid (HAuCl4), nickel chloride (NiCl2), graphite, potassium permanganate 

(KMnO4), phosphoric acid (H3PO4), potassium hydroxide (KOH), melamine, sulfuric acid 

(H2SO4), silicon oil copper acetylacetonate (Cu(acac)2), oleylamine, 

cetyltributylammoniumbromide (CTAB), sodium borohydride (NaBH4) and n-hexane were 

purchased from Sigma-Aldrich. Toluene and absolute ethanol were purchased from Thomas 

Baker. Perchloric acid (HClO4), hydrochloric acid (HCL), nitric acid (HNO3), ether, 

methanol, isopropyl alcohol and polytetrafluoroethylene (PTFE) membrane filter paper were 

purchased from Rankem. Zinc powder was purchased from J K Impex. Vulcan carbon XC-72 

was purchased from Cabot. Nafion®-212 membrane and solutions were procured from 

DuPont and pre-treated with acid, peroxide and DI water before use (discussed in the present 

chapter Section 2.4). Fumion was purchased from Fumatek. All the chemicals were used as 

such without any further purification. 

2.1.2 Synthesis of Functionalized Vulcan Carbon XC-72 (F-C)  

For the functionalization of Vulcan carbon XC-72 support, H2O2 treatment was 

used.[1] During the synthesis, 500 mg of Vulcan carbon was dispersed properly in 100 ml of 

H2O2 (30 %) solution by ultra-sonication for 15 min. Further, the Vulcan carbon and 

H2O2reaction mixture was refluxed for5h at 60 oC. Finally, the mixture was filtered with 0.2 

µm PTFE membrane filter paper and washed thoroughly with DI water. Subsequently, the 

material was dried at 80oC for overnight. The functionalized Vulcan carbon XC-72 is 

designated as F-C.  

2.1.3 Synthesis of Cu@Pt/C Core-Shell Structure Electrocatalyst 

8 ml aqueous solution of 0.1 N CuCl2 was reduced by adding 40 ml aqueous solution 

of 0.1 N AA and the solution was subsequently kept on stirring for 30 min. The pH of the 

reaction mixture was maintained to 12 by drop-wise addition of 10 % NaOH. Under these 

conditions, the copper gets reduced, indicated by a reddish colour, and instantaneously 8 ml 

aqueous solution of 0.01 N H2PtCl6 was added without altering the pH of the reaction 
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mixture. After the addition of H2PtCl6, the reaction mixture was kept on stirring for 20 min, 

at 60 oC to ensure complete reduction of Pt+x preceded the colour change of the mixture to 

black. F-C was dispersed in DI water by ultra-sonication and instantly added to the reaction 

mixture and kept on stirring for 10 h. Afterwards, the catalyst (Cu@Pt/C) was filtered (PTFE 

membrane filter paper having 0.2 μm pore size, Rankem) and dried at 90 oC for 2 h. 

2.1.3.1 Role of Ascorbic Acid 

As mentioned above, during the synthesis of Cu@Pt/C core-shell structures, the 

reaction mixture was kept on stirring for 10 h. Mainly, during this ageing time, the oxidation 

products of AA were formed during the course of the metal ion reduction. These degradation 

products of AA[2] (dehydroascorbic acid and 2, 3-diketogulonic acid) help to modify the 

surface of F-C and create fertile platform for the anchoring of the core-shell nanoparticle. 

2.1.4 Synthesis of Fe2O3@Pt/C Core-Shell Structure Electrocatalyst 

Similar synthetic procedure was employed for the synthesis of Fe2O3@Pt/C core-shell 

structures as mentioned in the above section (Section 2.1.3). Here, iron nitrate was used as 

the Fe-precursor instead of the Cu-precursor. The concentration of the precursor was kept 

same as in the previous procedure. The prepared catalyst is designated as Fe2O3@Pt/C. 

2.1.5 Synthesis of CuPt-Nanocage Structure (CuPt-NC) 

CuPt-NC structures were synthesized by adopting a reported procedure.[3] Briefly, 

42.42 mg of H2PtCl6  solution was dispersed in 200 mg of oleylamine, and 20 mg of 

Cu(acac)2 was dispersed in fresh 8 ml of oleylamine by sonicating it in a Branson water bath 

sonicator. Subsequently, 50 mg of CTAB was added and the sonication was continued for 

additional 30 min. Perfectly dispersed solution of H2PtCl6, Cu(acac)2, and CTAB in 

oleylamine was transferred into a Teflon coated stainless steel autoclave (15 ml capacity) and 

was subjected to heating at 180 oC for 24 h. Finally, the reaction mixture was centrifuged at 

10,000 rpm and washed with toluene: ethanol (3:2) mixture and dried at 60 oC in an oven. 

Material collected after this stage was used as such for further characterization. 

2.1.6 Synthesis of Graphene Oxide (GO) 

GO was synthesized by improved Hummer’s method.[4] In short, a mixture of 3 g of 

graphite and required amount of KMnO4 was added slowly into a 1:9 mixture of conc. 
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H3PO4:H2SO4; the solution was kept under stirring for overnight by maintaining the reaction 

mixture temperature at 60 °C. The obtained solution was poured into ice cooled water 

containing 3% H2O2. A yellow precipitate was formed, which was separated by 

centrifugation at 10,000 rpm and was washed well with copious DI water. Finally, the 

product was washed with 30% HCl to remove unwanted impurities, followed by washing 

with ethanol and acetone. The product was allowed to dry at room temperature and this was 

used as such for the further studies. 

2.1.7 Synthesis of Reduced Graphene Oxide (RGO) 

GO was reduced by aqueous solution of sodium borohydride. Briefly, 50 mg of GO 

was dispersed in 50 ml DI water and transferred in a 250 ml round bottom flask. 

Subsequently, the solution was kept on vigorous magnetic stirring for 30 min. Further, 0.1 M 

sodium borohydride (25 ml) aqueous solution was added slowly using a burette into the 

mixture and kept on stirring for 4 h. Finally, the reaction mixture was centrifuged at 10,000 

rpm, washed with DI water and dried at 80 oC in an oven for 10 h. After that, the product was 

annealed at 900 oC to remove maximum functional groups. The obtained black product is 

termed as RGO (Gr) (Figure 2.1). 

 

Figure 2.1: TEM images of reduced graphene oxide (Gr).  
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2.1.8 Synthesis of Nitrogen Doped Graphene (NGr) 

A mixture of 1 g of RGO (Gr) and 6 g of melamine in 100 ml of DI water was prepared and 

stirred for 24 h. The slurry was filtered and dried in an oven at 80 oC for overnight. The 

obtained melamine-Gr solid powder was heated at about 900 oC in an Argon atmosphere 

(flow rate: 0.2 slpm) for about 4 h. The furnace was cooled down to room temperature under 

inert atmosphere and the obtained NGr (Figure 2.2) was used for the further investigation 

and characterization.  

 

Figure 2.2: TEM images of N-doped graphene (NGr).  

2.1.9 Synthesis of Au-Nanoparticles 

For the synthesis of Au nanoparticles, a homogeneous mixture of the as-above 

synthesized 2 mg of Gr and 2ml of 100 mM HAuCl4 solution was obtained by ultra-

sonication. Here, the concentration of Gr is maintained to be veryless as required as a moiety 

to facilitate in-situ reduction of the Au precursor (a higher concentration of Gr will trigger the 

formation of Au@Gr core-shell particles). The mixture was then added drop-wise in a beaker 

containing fresh silicon oil (25 ml), under a strong magnetic stirring. After the addition, the 

reaction mixture was maintained at room temperature for 5h to get uniform emulsion 

droplets. After 5 h, this emulsified reaction mixture was transferred into a Petri dish, and was 

kept in an oven at 80 oC for 80 h. During this process, Gr reduces the gold precursor to gold 
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nanoparticles and Gr itself gets oxidized, leading to formation of gold nanoparticles and small 

graphene sheets. The gold nanoparticles and gold supported graphene sheets will form 

separately, which can be separated after the centrifugation. The product was washed several 

times with hexane to remove the silicon oil and finally it was dried under the lamp. 

2.1.10 Synthesis of Au@Gr Core-Shell Structured Electrocatalyst 

Gold@graphene (Au@Gr) core-shell nanostructures were synthesized by simple 

water-in-oil (W/O) emulsion technique without using any external reducing and capping 

agents in a size controlled manner. Briefly, 4 mg of the as-synthesized reduced graphene 

oxide (RGO) was mixed with 2 ml of aqueous solution of 100 mM HAuCl4 and the mixture 

was sonicated for 30 min using a bath sonicator to form a homogenous solution. The 

dispersed solution was added drop-wise in previously taken 25 ml fresh silicon oil, under 

strong magnetic stirring. Furthermore, the reaction mixture was maintained for 5 h under 

stirring at 750 rpm at room temperature to get a uniform distribution of the emulsion droplets. 

At this stage, the transparent colour of the reaction mixture was turned to red, which is 

attributed to the formation of Au@Gr core-shell nanostructures. Subsequently, the W/O 

emulsion mixture was transferred into a Petri dish and was kept in an oven at 80 oC for 80 h. 

During this process, water in the emulsion droplets gets evaporated and crystallization of the 

solid components in the emulsion droplets occurs simultaneously. Finally, the formed 

Au@Gr core-shell nanostructures were centrifuged at 10,000 rpm for 15 min and the mixture 

was washed with excess hexane to obtain oil-free Au@Gr core-shell nanostructures.  

2.1.11 Synthesis of Au@NGr Core-Shell Structured Electrocatalyst 

In a similar way as discussed in the above section (i.e. Section 2.1.10), gold@N-

doped graphene (Au@NGr) sample was also synthesized by using N-doped graphene (NGr), 

instead of Gr, in the above mentioned method. 

2.1.12 Synthesis of Ni-NGr Nanocage Structure 

For the synthesis of the Ni-based nanocage structures, a homogeneous mixture of 4 

mg NGr and 2 ml aqueous solution of 100 mM nickel chloride were obtained by sonicating 

the mixture for 30 min using a Branson bath sonicator. This perfectly dispersed solution was 

added drop-wise in previously taken 25 ml fresh silicon oil, under strong magnetic stirring 

(750 rpm) at room temperature. Moreover, the reaction mixture was maintained for 5 h at 
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room temperature for uniform distribution of the emulsion droplets. Furthermore, the W/O 

emulsion was transferred into a Petri dish and it was kept in an oven at 80 °C for 80 h. The 

formed Ni-NGr nanocage structures were centrifuged at 10 000 rpm for 15 min and washed 

several times with hexane to remove the silicon oil and subsequently, dried under a lamp. 

2.1.13 Synthesis of Ni-Gr Particles 

To understand the role of nitrogen, we prepared a Ni-Gr sample by employing a 

similar synthetic procedure (as mentioned in Section 2.1.12) with RGO (Gr), instead of NGr, 

and ended with spherical particles. 

2.1.14 Synthesis of Ni-Nanoparticles 

The Ni-nanoparticles were synthesized by chemical reduction method. 25 mL of 100 

mM nickel chloride solution was taken in 100 mL round bottom flask. Subsequently, 0.5 M 

aqueous solution of sodium borohydride was added slowly in to the above nickel chloride 

solution. After complete addition, the reaction mixture was kept under stirring for 8 h, and 

then, filtered by using 0.2 μm PTFE membrane filter paper. Finally, the residue was washed 

with DI water and dried in an oven at 80 oC for 10 h. 

2.1.15 Electrode Preparation  

Initially, the slurry was prepared by sonicating5 mg of the catalyst in 1 ml ethanol in 

water (3:2) solution mixture. Parallely, the electrode was polished by using 0.3 mm alumina 

slurry followed by sonication in water and ethanol.[1] After that, the working electrode was 

prepared by drop coating required amount of the catalyst slurry on the glassy carbon disk, 

followed by 2 µl of 0.01 wt. % Nafion® or Fumion (as binder).[1] This solution was applied 

on the whole surface of the disk electrode to yield a uniform thin film, which avoids the 

problem related to catalyst detachment from the surface of the electrode during the 

electrochemical measurements. Moreover, the electrode was dried for 4 h under an IR-lamp 

and this was used as the working electrode for the electrochemical investigations. An aqueous 

solution of 0.1 M KOH or 0.5 M H2SO4 or 0.5 M HClO4 de-aerated with N2 gas was used as 

an electrolyte for the CV, RDE and RRDE studies. Moreover, all the RDE and RRDE studies 

were recorded at 10 mV/s. During the RDE and RRDE investigations, the electrolyte was 

saturated with oxygen to achieve oxygen rich and nitrogen to achieve the inert atmosphere. 
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2.2 Material Characterization Techniques 

2.2.1 Transmission Electron Microscopy 

 Transmission electron microscope (TEM) is an influential technique to obtain the 

highly magnified and resolution imaging of the samples of biological, chemical and material 

sciences.[5-6] The TEM provides the topographical, compositional and crystallographic 

information of the nanoparticles, through which exact size, shape and atomic arrangements 

can be obtained very precisely.[5-6] The high resolution-TEM (HR-TEM) allows 

understanding of the atomic lattice fringes of the nanoparticles up to 1 nm or even at high. 

Principally, the TEM operates on the similar basic principles as the light microscope, 

which uses electrons instead of light.[5-6] Basically, visibility with a light microscope is 

restricted by the wavelength (λ) of light. However, in TEMs, electrons are being used as the 

light source due to its much lower λ, which makes it possible to get a thousand times better 

resolution than what we get with a light microscope. We will be able to take the images in the 

order of a few angstroms (10-8 cm), i.e. we can study small niceties in the cell or different 

materials down to near atomic levels. The possibility for high magnifications of TEM makes 

it a valuable spectroscopy technique in medical, biological and materials research. 

Mainly, in the TEM, only thin specimens, which allow a fraction of the incident 

electron beam to go through the specimen, can be studied. When an accelerated beam of 

electrons illuminated upon a specimen, diverse of interactions take place. This non-uniform 

distribution of electrons after interaction with the specimen results into angular distribution of 

the scattering which could be viewed in the form of scattering patterns. This kind of patterns 

is referred as diffraction patterns or selected area electron diffraction (SEAD). Generally, the 

coherent scattering (elastic) gives spot patterns in the case of single crystals and ring pattern 

for polycrystalline materials.  

Concrete specimen analysis conditions, the electrons get emitted from the light source 

(Thermission emitter: Tungsten filament or LaB6) which will be at the top of the microscope. 

These emitted electrons travel through the vacuum in the column of the microscope. The 

electrons are focussed in to a very thin beam. For this purpose, electromagnetic lenses are 

used, in TEM. The electron beam travels through the specimen which is placed for 

examination. Depending on the density of the material present, some of the electrons get 
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disappeared and scattered from the beam. The unscattered electrons hit the fluorescent screen 

(at the bottom of the microscope), which generate the "shadow image" of the specimen. The 

image gets appeared with its different parts displayed in varied with various darkness with 

respect to their density. 

In the present study, the high resolution transmission electron microscope (HR-TEM) 

model TECNAI G2 F20 instrument operated at an accelerating voltage of 200 kV (Cs=0.6 

mm, resolution=1.7 Ǻ ) was used to characterize the structural properties of the synthesised 

catalysts. For the TEM analysis, the sample was prepared by drop casting the slurry of the 

catalyst dispersed in isopropyl alcohol on the 200 mesh copper grid. The copper grid was 

coated with carbon film (purchased from Ted Pella). Before loading it in the microscope 

chamber, the catalyst casted copper grid was dried for almost 12 h in vacuum.  

2.2.2 Scanning Electron Microscopy and Energy Dispersive X-ray Analysis 

The working principle of scanning electron microscope (SEM) is quite similar to that 

of TEM. Instead of transmission, the specimen will be get scanned with focussed beam of 

electrons and produces the surface images. The focussed beam of electrons interacts with 

atoms in the specimen, which results into various signals. These signals can be detected and 

they give the information about the sample's surface features and composition.[7] However, 

commonly, the secondary electrons emitted by atoms after talking with the focussed beam of 

electrons get detected and displayed a very high resolution images of surface topography of 

the specimen, revealing details of <5 nm in size.[7-8] SEM imaging can be done in high and 

low vacuum, and at a wide range of elevated temperatures. Moreover, the biological samples 

also can be done in wet condition, which is termed as environmental SEM (ESEM). 

Specifically, due to the very narrow electron beam, SEM micrographs have a large depth of 

field, which can produce the distinctive 3-D appearance of the specimen with a wide range of 

magnifications ranging from 10 to 500,000 times higher than the best light microscopes.[7-8] 

Mainly, the electrons reflected from the surface of the specimen are due to the elastic 

scattering, which produce the back scattered electrons (BSE). The intensity of the BSE signal 

is strongly linked to the atomic number (Z) of the specimen. Moreover, as mentioned above, 

along with the BSE, the characteristic X-rays are also being generated. The characteristic X-

rays gets emitted, when the electron beam knocks off an inner shell electron from the 

specimen, results into the filling of the shell by a higher-energy electron and releases the 
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energy. These emitted characteristic X-rays could be used to find out the elemental 

composition in the specimen, termed as energy dispersive X-rays analysis (EDAX).[8] 

More importantly, for SEM imaging, specimens must be electrically conductive, at 

least at the surface. While SEM, the specimen must be electrically grounded, which prevents 

the accumulation of electrostatic charge at the specimen surface. Noteworthy, before imaging 

of the non-conductive specimens, surface could be made conducting by a thin coating of 

electrically conducting material. This is done by depositing Au/Au-Pd alloy/Pt/Os/ 

Ir/Gr/W/Cr on the surface of the specimen either by low-vacuum sputter coating or by high-

vacuum evaporation technique. This could be done on any specimen before imaging. 

Additionally, conductive thin layer coating may increase signal-to-noise ratio for the 

specimens of low-Z. This could be due to the enhancement in secondary electron emission 

for high-Z materials.[7-8] 

In the present work, SEM imaging coupled with EDAX and elemental mapping were 

performed on an FEI, Model Quanta 200 3D instrument equipped with Phoenix energy 

dispersive spectral analysis setup at an operating potential of 30 kV. For SEM imaging, a 

small amount of the sample was dispersed well in isopropanol by ultra-sonication and drop-

coated on stubs and gold sputtered at low-vacuum.  

2.2.3 Powder X-ray Diffraction 

Powder X-ray diffraction (PXRD) is a most widely used powerful non-destructive and 

rapid (< 20 min) technique for the identification of unknown crystalline materials with its 

unit cell dimensions.[9] It also provides the information about the phase identification of 

crystalline materials. XRD is now commonly used to understand the crystal structure and 

atomic spacing. The fundamental principle of XRD is based on constructive interference of 

the monochromatic X-rays and a crystalline material. The X-rays are being generated by a 

cathode ray tube and get filtered to obtain monochromatic radiations.[9-10]According to 

Bragg’s Law (nλ=2dsinθ), when an incident X-ray interacts with the specimen, it produces 

the constructive interference along with diffracted rays (Figure 2.1).[9] Basically, this law 

tells about the relation between the λ of electromagnetic radiation to the diffraction angle (θ) 

and lattice spacing (d) in a crystalline specimen. The diffracted X-rays from the atomic layers 

of the specimen were detected, counted and investigated. The conversion of the diffraction 

peaks to d-spacing allows identification of the material, because each material has a set of 
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unique d-spacing, which could be achieved or identified by comparing it with the 

standards.[10] 

 

Figure 2.1: Schematic illustration of Bragg’s Law. 

More importantly, the full width at half maxima (FWHM) of the diffraction peaks 

gives an idea about the crystallite size of the material. As the peak becomes broader, the size 

becomes smaller, and vice-versa. The average crystallite size (t) of the particles could be 

calculated by using Scherer equation (Equation2.1).[9-10] 

(2.1) 

where, λ is the wavelength of X-ray, β is the FWHM of diffraction patterns, and θ is the 

Bragg’s angle. 

The PXRD is not only applicable to the crystalline materials but also can be used to 

amorphous, where, all the atoms are arranged in a random manner.[9-11] 

In the present study, powder X-ray diffraction (PXRD) patterns were recorded on 

PANalytical instrument using Cu-Kα radiation (λ =1.5418Ǻ). All the samples were scanned at 

a scanning rate of 2o min-1 and a step size of 0.02o in 2θ. The PXRD of all the samples were 

scanned in the range of 2θ = ~10 to 80o. Furthermore, the obtained data were imported and 

analysed using X’PertHighScore Plus software. 



AcSIR                                  Chapter 2 

 

Vishal M. Dhavale  69 
 

2.2.4 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS) is a surface sensitive technique used to 

understand the surface chemistry of the sample.[12] Therefore, it is also known as electron 

spectroscopy for chemical analysis (ESCA). This abbreviation was introduced by Kai 

Siegbahn’s group to point out that the technique provides the information of chemical rather 

than only elemental.[13] 

 

Figure 2.2:Apictorial representation of the working principle of XPS. 

The quantitative estimation of elements present in the sample can be obtained at the 

parts per thousand ranges. Moreover, the chemical state/electronic configuration of the 

elements can be investigated by using XPS technique. Mainly, the XPS spectra are obtained 

by illuminating a sample with a beam of X-ray and the kinetic energy and the number of the 

ejected electrons from the top 0 to 10 nm of the sample, which were collected and 

analyzed.[13]Therefore, the XPS is mainly based on the photoelectric effect. In detail, when an 

X-ray beam interacts with the sample surface, the energy of the incident X-ray photon (hv) is 

absorbed by the core electron of an atom knocked out from it, if it is large enough. Then, the 

emitted electron with a kinetic energy of Ek is termed as a photoelectron (Figure 2.2). 

Therefore, the binding energy (Eb) of the core electron is given by the Einstein relationship 

(Equations 2.2 and 2.3).[14] 
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       (2.2) 

       (2.3) 

where,  hv is the X-ray photon energy (for Al Kα = 1486.6 eV, for Mg Kα = 1253.6 eV), Ek is 

the kinetic energy of the photoelectron; ϕ is the work function (4 ~5 eV) and Eb is the binding 

energy of the core electron. 

Finally, Eb can be obtained by manually compensating the work function (ϕ); so, the 

Equation 2.3 becomes, 

                                                 (2.4) 

Importantly, XPS can able to detect all the elements with a Z > 3. Therefore, Li, H, or 

He cannot be easily detected by this technique.[14] 

In the present study, XPS measurements were carried out on a VG Micro Tech ESCA 

300° instrumentat a pressure of >1 × 10−9 Torr (pass energy 50 eV, electron take-off angle 

60°, and the overall resolution of ∼0.1 eV). The collected data were imported and 

deconvulated by using XPSPEAK41 software.  

2.2.5 Raman Spectroscopy 

Raman spectroscopy is another non-destructive technique used to obtain the 

crystallinity and disorderness of the carbonaceous materials. Along with this, the technique is 

used to examine the molecules which has zero dipole moment but could be polarized under 

electromagnetic radiations. Raman spectroscopic technique is akin to Infra-red spectroscopy, 

useful to obtain the information of vibrational, rotational and other low-frequency modes in 

the system. The general principle of Raman spectroscopy is the collection of scattered lights 

generated after the interaction of a monochromatic light source (i.e. laser) with a sample. 

Commonly, the scattered light possesses the same frequency as the excitation source; this is 

known as Rayleigh (elastic) scattering.[15] Moreover, due to interactions between the incident 

electromagnetic waves and the vibrational energy levels of the molecules in the system, there 

occur shift in energy from the laser frequency (Figure 2.3). Therefore, the Raman spectrum 

could be obtained by plotting the graph of intensity of the shifted light vs. frequency, which 
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gives the information about the vibrational modes caused due to the polarization of the 

system in presence of the electromagnetic waves.[15] 

 

Figure 2.3: A diagrammatic illustration of the various types of scatterings in Raman analysis. 

As shown in Figure 2.3, as soon as the laser light interacts with the ground state 

molecules, they undergo polarization and gets excited to the higher energy vibrational states 

and this depends on the frequency of the used light source.  In Rayleigh scattering, the energy 

of excitation is same as that of energy of relaxation of the molecule to come back to the 

ground state. Whereas, in case of the stokes effect, the energy of relaxation of the excited 

molecule is less compared to the energy of the incident light. Moreover, it will be more in 

case of the anti-Stokes effect. Overall, these processes provide the information about the 

moment of inertia and eventually, the structure of the molecule.  

In application of the Raman technique to the carbon materials, the orderness and 

disorderness of the carbon system can be identified by recording the defective- (D-band) and 

graphitic-band (G-band). The ratio of the intensity of D-band (ID) to G-band (IG) gives the 

information about the overall graphitization of the carbon materials. Along with this, the 

characteristic peak of 2D-band and its ratio with G-band provides the average number of the 

graphitic layers. Besides, the characteristic dimensions of the graphitic domains could be 

obtained by using the following equation (Equation 2.5).[16] 

                                                           (2.5) 
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In the present work, Raman analysis of the synthesized electrocatalysts was 

performed on an HR 800 Raman spectrometer (Jobin Yvon, Horiba, France) using 632 nm 

green laser (NRS 1500 W) in order to understand the graphitization and defects of graphene. 

2.2.6 Electrical Conductivity 

The electrical conductivity of the samples was measured with a home-made set-up 

(shown in Figure 2.4). Initially, the material was coated on an ITO plate having a specified 

area of 0.5 cm X 0.5 cm (as shown in Figure 2.4). Subsequent to the coating, the plate was 

dried under a lamp. After that, the second ITO plate was placed on it and the entire unit was 

clamped with a binder clip. Later, I-V measurement was done in a potential window of -1.0 

to +1.0 V with scan rate of 20 mV/s. The conductivity was calculated from the slope of the I-

V data using Equation 2.6.  

                       Conductivity (S/cm) = l/R*A                                  (2.6) 

where, ‘l’ is the thickness, ‘R’ is the resistance and ‘A’ is the area of the electrode material. 

 

Figure 2.4: Schematic view of the cell used for the conductivity measurement. 

2.3 Electrochemical Study 

The electrochemical study of the chemical reactions taking place at the electrode-

electrolyte interface could be done using different electrochemical techniques, such as, cyclic 

voltammetry (CV), linear sweep voltammetry (LSV) by using rotating disc electrode (RDE) 

and rotating ring disc electrode (RRDE) and chronoamperometry (CA) study, etc. The 



AcSIR                                  Chapter 2 

 

Vishal M. Dhavale  73 
 

electric charges shuttling between the electrode and electrolyte vicinity could be monitored 

by using the electrochemical techniques. Moreover, the exact reaction kinetics of oxidation, 

reduction, number of electron involved during reaction, and/or stability of the material and 

reversibility and irreversibility of the process etc. can be examined by using the 

electrochemical methods. In the present work, activities of the prepared samples towards 

oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) have been screened 

by using numerous electrochemical techniques. The general principle and working of the 

different electrochemical techniques are explained in the followed sections. 

2.3.1 Cyclic Voltammetry 

Cyclic voltammetry (CV) is a routinely used technique to rapidly scan the Faradaic 

and/or non-Faradaic processes of the analyte in the solution. CV is a type of potentiodynamic 

electrochemical measurement which is being used to investigate the half-cell reactivity of the 

analyte.[17] Mainly, the CV measurements are done with a system equipped with the three 

different electrodes, namely, working electrode (WE), reference electrode (RE) and counter 

electrode (CE).[17] The three-electrode set-up resolves the issue of maintaining the constant 

potential while passing the current to counter redox events at the WE in the two-electrode 

system.  

During the actual CV measurement, the potential of the electrode is ramped linearly 

vs. time (i.e. scan rate, V/s). Simply, the CV is the sweep which starts from the initial 

potential and reaches at the set potential. After that, the potential ramp of WE gets inverted 

and reaches back to the initial potential. Importantly, while doing CV, the potential is applied 

between WE and RE and the current is measured between the WE and the CE. Consequently, 

these data are plotted as current at the working electrode vs. the applied voltage, which gives 

the cyclic voltammogram.  

Basically, the current will increase as the potential reaches the reduction and/or 

oxidation potential of the analyte, but, latter falls off as the concentration of the analyte is 

depleted close to the WE surface.[17-18] Therefore, as the electron transfer between the 

electrode and the analyte is fast and the current is limited by the diffusion of the species to the 

WE surface, the current peak will be proportional to the , as explained by the 

Cottrell equation (Equation 2.7).  
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                                                         (2.7) 

where, i is the current (A), n is the number of electrons (to oxidze/reduce 1 molecule of j); F 

is the Faraday constant (C/mol), A is the area of the electrode (cm2), cj
o is the initial amount 

of j(mol/cm3), Dj is the diffusion coefficient (cm2/s) and t is the time (s). 

The Cottrell equation also describes the change in electric current with respect to time 

under the constant or controlled potential measurements, like, chronoamperometry.  

In the present study, all the electrochemical investigations were carried out on a Bio-

Logic (VMP-3) using a three-electrode set-up purchased from Pine Instruments. The Hg/HgO 

electrode was used as the reference in alkaline medium. Moreover, the Hg/HgSO4 and 

Ag/AgCl reference electrodes were used in sulphuric and perchloric acid, respectively. In all 

the experiments, the Pt-flag was used as CE. The glassy carbon electrode embedded in Teflon 

was used as WE, and was cleaned before use (the cleaning procedure has been mentioned in 

Section 2.1.15). 

2.3.2 Rotating Disk Electrode 

A rotating disk electrode (RDE) is a hydrodynamic technique used to study the 

reaction mechanism of the analytes in a three-electrode set-up. Generally, the electrochemical 

reactions involving mass transport can be precisely controlled and investigated by this 

technique.  The RDE is very easy to fabricate, where the electrode material, i.e. disk (may be 

carbon, Pt, Au, etc), is entrenched in an insulating rod (Teflon, epoxy resin or plastic) as 

shown in Figure 2.5. More importantly, there should not be solution leakage between the 

electrode and the insulating material. Electrical contact is made to the imbedded electrode 

(disk) by means of a brush contact which is attached to the shaft connected to the motor. 

Hence, the electrode can be rotated at definite frequency (f, revolution per second, f =ω/2π), 

where, ω is the angular velocity (s-1). In the present study, this technique is fully utilized to 

investigate the ORR mechanism of the electro-active material.  

During the electrochemical reactions, the ionic movements from the bulk towards the 

electrode surface takes place by mainly diffusion and convection. The diffusion of ion mainly 

happens due to the concentration gradient and it explains the net flux of molecules from 

higher concentration region to lower.[17, 19] Formerly, as the concentrations become equal, the 
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molecular diffusion gets ceased. However, under these conditions the movement of ions take 

place by the self-diffusion process. As a result, the current will attain steady state. Therefore, 

to improve the rate of mass transport/rate of reaction/increase the rate of diffusion to the 

electrode, hydrodynamic technique (RDE) can be more useful to improve the same by 

introducing convection. The rate of reaction at the electrode surface can be improved by 

altering the convection rate in the solution by increasing the rotation of WE.  

 

Figure 2.5: Diagrammatic representation of RDE showing the imbedded electrode in the 
insulating material.  

Under the rotating conditions, the ions are pulled towards the electrode surface and 

concurrently, removing the resultant products, thereby, keeping the electrode surface always 

fresh by maintaining the minimum flux on the surface. Importantly, the net mass transport of 

the ions towards the electrode-electrolyte boundary is decided by diffusion + convection. In 

RDE, the steady-state diffusion controlled process is given by Koutecky-Levich (K-L) 

equation (explained below).[20] 

In the other way, total current obtained in the RDE analysis is the combination of the 

inverse of diffusion (jd), kinetic (jk) and film diffusion (jl) currents. However, in the present 

study, the amount of binder applied, i.e. Nafion® or Fumion, is significantly low. Therefore, 

the jl component can be neglected. Hence, in the laminar flow region, the diffusion current 

density is a function of the rotational velocity and hence the kinetic current densities can be 

adjusted to the simple K-L equation as below.[20-21] 

                                                                     (2.8) 

                (2.9) 
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where, j is the disk electrode current density, k is the rate constant of reaction, n is the number 

of electrons involved during reaction, F is the Faraday constant (96500 C/mol), Co
* is the 

oxygen concentration in the bulk (mol/cm3), Do is the diffusion coefficient of molecular 

oxygen (cm2/s), ν is the kinematic viscosity of the electrolyte (cm2/s) and ω is the angular 

rotation of the electrode. This equation gives a linear relation between j-1 and ω-1/2 with a Y-

intercept equal to the jk
‑1. Subsequently, the kinetic current, n and k can be obtained from the 

above equation.  

For RDE data analysis, above mentioned three non-electrochemical kinetic 

parameters, i.e. Do, ν, and Co
* must be known accurately. These parameters are very sensitive 

towards temperature and their values are also somewhat dependent on the electrolyte used 

during electrochemical study. Table 2.1 provides these parameters at various conditions. 

Table 2.1: Non-electrochemical kinetic parameters for RDE data analysis. 

Experiment conditions Diffusion 

coefficient of 

oxygen (cm2/s) 

Kinematic 

viscosity of 

electrolyte (cm2/s) 

Solubility of 

oxygen 

(mol/cm3) 

Ref. 

Electrolyte Temperature Pressure 

0.1 M HClO4 20 oC 1 atm. O2 1.67 x 10-5 -- 1.38 x 10-6 [22] 

0.1 M H2SO4 20 oC 1 atm. O2 1.4 x 10-5 0.010 1.11.38 x 10-6 [23] 

0.1 M KOH 20 oC 1 atm. O2 1.9 x 10-5 -- 1.21.38 x 10-6 [24] 

0.1 M NaOH 20 oC 1 atm. O2 1.65 x 10-5 0.011 8.41.38 x 10-7 [25] 

2.3.3 Rotating Ring Disk Electrode 

Similar to the RDE, the rotating ring disk electrode (RRDE) is a very important technique 

which is being used to understand and quantify the product formed on the disk electrode. The 

only difference between the RDE and RRDE is the addition of second WE in the form of a 

ring. Therefore, the RRDE is a double WE system consists of glassy carbon as the disk and Pt 

as the ring WE. These two electrodes are separated by a non-conducting barrier. 

Bipotentiostat must be needed to operate such kind of electrode. As mentioned in RDE, the 

laminar flow created during rotation of WE can be effectively utilized in the RRDE 

technique. Since, the electrode is under rotation (laminar flow), the solution gets driven to the 
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side of the disk and can be collected in a controlled manner. As a result, the obtained current 

from the disk and ring WE depends on their respective potentials, area and the separation 

distance between the two WEs (s). Depending on the area, size and separation distance 

between the two WEs, the collection efficiency (N) of the ring can be obtained. For that, the 

standard ferrocene/ferrocenium couple is measured by using K3Fe(CN)6 as the electro-active 

species. The ratio of the ring current (IR) to the disk current (ID) gives the value of N 

(N=0.37).[19, 21] 

 In the present study, the RRDE technique has been used to investigate the 

intermediates formed during ORR. During ORR, the disk electrode is scanned in a particular 

potential window and the product formed on the disk can be merely collected and recorded 

on the ring WE. The potential of the ring WE will be kept constant.  

Mainly, ORR takes place via two-electron and/or four-electron reduction pathways. 

The two-electron pathway produces hydrogen peroxide as the intermediate, which can be 

quantified by using RRDE. The percentage of hydrogen peroxide and number of electrons 

involved can be obtained by using the following equations:[21] 

                                                (2.10) 

                                                                     (2.11) 

where, IR is the Faradaic ring current, ID is the Faradaic disk current and N is the collection 

efficiency of the ring WE. 

2.4 PEM Fuel Cell Testing 

 Real ORR performance of the prepared electrocatalyst can be tested using the 

polymer electrolyte membrane fuel cell (PEMFC) in the form of a single cell or multi-cell 

stack. The performance can be screed by fabricating the membrane electrode assembly 

(MEA) by sandwiching two electrodes with a polymer electrolyte membrane. The 

performance can be analysed by passing fuel (hydrogen, methanol etc.) at the anode and 

oxidant (oxygen or air) at the cathode side of the cell with the help of the Test Station.[26-28] 

The fuel gets oxidized to proton and generates electron. Proton travels through the polymer 

electrolyte membrane from the anode to the cathode side and, simultaneously, electron comes 
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through the external circuit. The oxidant gets reduced due to the electron and the intermediate 

product gets neutralized by combining with proton and forms water and heat as the final 

product.  

In the present study, Nafion® (N-212) was used as the polymer electrolyte membrane. 

The carbon supported Fe-Pt based core-shell electrocatalyst was utilized as the cathode and 

commercially available 20 wt. % Pt/C as the anode catalyst. The fabricated MEAs were 

tested by using a FCT Test Station (Purchased from Fuel Cell Technologies, INC, USA) unit 

bypassing hydrogen at the anode and oxygen at the cathode side with a flow rate of 

0.2standard liters per minute (slpm) and by maintaining 100% relative humidity. Moreover, 

to maintain the desired current profile while collecting the lifetime data (durability data), a 

cyclical current step protocol was written to control the output and load box setting. This 

protocol was based on the Set Protocol.vi from the FCT test station Labview software library, 

in which we can specify the current settings of the load box under constant current mode as 

well as the time delay for each of the current settings after the specification is reached. At the 

same time, individual test parameters like gas flow rates, current, voltage, and temperatures 

of the running MEA were examined and documented via an independent Lab-view file 

(Alone LT.vi, from FCT software library) software. 

The details of Nafion® treatment and MEA fabrication are given in the following 

section (Section 2.4.1).  

2.4.1 Pre-treatment of Nafion Membrane 

 The as purchased Nafion membranes were pre-treated with H2SO4, H2O2 and HNO3, 

prior to use. These treatments activate the Nafion film prior to its use PEMFC. The desired 

sized Nafion pieces were first treated with 30 % nitric acid for ~1h at 110 oC, which removes 

the metal ion impurities present in the Nafion® matrix. In the second step, the nitric acid 

treated Nafion films were boiled with 5 % hydrogen peroxide for ~1h at 110 oC. 

Subsequently, in the third step, the Nafion films were treated with 1 M H2SO4 for 1h at 110 
oC, to get the additional -SO3H groups. During the pre-treatment, the DI water washing was 

performed after each step. Finally, the Nafion films were boiled in DI water and stored in 

fresh DI water until it is used for making MEA.  
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2.4.2 Preparation of the Electrodes 

The electrodes were prepared by brush coating. Before brush coating, the catalyst 

slurry was prepared by sonicating the required amount of the catalyst in ethanol:water 

mixture with appropriate amount of the Nafion® solution to achieve the Nafion to Carbon 

ratio equal to 0.75. The catalyst slurry was brush coated on the surface of the gas diffusion 

layer (GDL) till the required amount of Pt gets loaded on GDL. In the present study, we 

maintained the Pt-loading of 0.05, 0.1, 0.2 and 0.3 mg-Pt/cm2. Afterwards, the electrodes were 

brushed with 1 wt. % of Nafion® to attain a very thin layer on the surface of GDL, which 

helps to achieve the effective triple phase boundary conditions during the testing.  

2.4.3 Fabrication of the Membrane Electrode Assembly 

The brush coated electrodes were put on the either side of the Nafion® membrane and 

hot pressed in a Carver Press at 130 oC for 90 s. Subsequently, it was removed from the press 

and fixed in a fuel cell fixture and tested. 
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A novel ascorbic acid (AA) reduction 
method for the synthesis of low-Pt based core-
shell structured electrocatalysts is explained in 
this chapter. The chapter deals with the 
preparation of two different types of 
electrocatalysts, namely, carbon supported Cu 
(core)-Pt (shell) (Cu@Pt/C) and carbon 
supported Fe2O3 (core)-Pt (shell) (Fe2O3@Pt/C). 
The direct dispersion of Cu@Pt and Fe2O3@Pt 
core-shell nanoparticles on a carbon support has 
been achieved while retaining the essential core-shell features of the nanoparticles by adopting 
an in situ surface modification-cum-anchoring strategy. AA, which was used as the reducing 
agent in the process, is playing a crucial role by making use of its multifunctional activities as a 
reducing agent, a stabilizing agent, as well as a capping agent in addition to its efficiency in 
functionalizing the carbon surface during the course of the reaction. Later, the prepared catalysts, 
viz. Cu@Pt/C and Fe2O3@Pt/C, have been investigated towards oxygen reduction reaction 
(ORR) in acidic condition. The single cell performance and durability characteristic of a low-Pt 
electrode derived from Fe2O3@Pt/C have been explained thoroughly. The ORR activity in both 
liquid and semi-vapor phase was found to be strongly influenced by the thickness of the catalyst 
layer owing to the ohmic contribution from the less conductive Fe2O3 core. The durability 
assessment of the electrodes is included at the end of this chapter. 

*The content of this chapter has been published in “Chem. Commun., 2011, 47, 3951-3953”  
- Reproduced by permission of The Royal Society of Chemistry  
http://pubs.rsc.org/En/content/articlelanding/2011/cc/c0cc05645f#!divAbstract 

*The content of this chapter has been published in “J. Phys. Chem. C, 2012, 116, 7318–7326”  
-Adopted with permission from (J. Phys. Chem. C, 2012, 116, 7318–7326). Copyright (2012) American 
Chemical Society. 

Chapter 3 
Surface Modification-cum-Anchoring 

Strategy for the Synthesis of Low-Pt Core-
Shell Electrocatalysts for Oxygen Reduction 

Reaction* 

http://pubs.rsc.org/En/content/articlelanding/2011/cc/c0cc05645f#!divAbstract�
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3.1. Introduction  

 Development of Pt-based core-shell nanoparticles of non-noble metals as electrocatalysts 

for PEMFCs has become an emerging research area as these classes of materials can offer great 

scope for ensuring cost reduction as well as electrochemical stability. Pt as a protective thin shell 

significantly helps the non-noble metal core to attain greater electrochemical stability in the 

operating electrochemical environment of PEMFCs. To date, different methods have been 

proposed for synthesizing the core-shell nanoparticles having good electrocatalytic activity.[1-5] 

However, achievement of proper dispersion of core-shell nanoparticles on a carbon support, 

while retaining the essential core-shell features, is a challenging task owing to the counteracting 

inter-species interactions within the system.[2] For example, particle dispersion can be improved 

by adopting in situ reduction methods because, here reduction takes place in the presence of 

carbon, where the surface interaction is expected to be high.[3] Although particle dispersion will 

be fairly good, the preferential adsorption of the respective metal ions on the active sites of 

carbon makes more individual metal particle dispersion than the formation and dispersion of the 

core-shell nanoparticles on the surface.[2] In contrast, the ex situ dispersion strategy, where the 

process involves initial preparation of the core-shell nanoparticles and their subsequent 

dispersion on carbon by adding the substrate at a later stage, gives poor dispersion owing to the 

weak interaction between carbon and reduced surfaces of the core-shell nanoparticles.[4] 

However, this method gives core-shell nanoparticles possessing the required structural features. 

This means that, maintaining high dispersion while retaining the core-shell characteristics 

of the species is an exigent task. To overcome this issue, here, a unique strategy has been 

developed, where the reduction process itself gives a means to interlink the core-shell particles 

with the carbon surface, which leads to better dispersion and improved control on particle 

growth. The idea is that the core-shell nanoparticles will be initially generated in the medium and 

will be subsequently forced to interact with the in situ modified carbon surface. The in situ 

functionalization of the carbon support is achieved by the intervention of the oxidation and 

degradation products of the reducing agent formed during the course of the reaction. Since the 

process helps direct anchoring of particles on the substrate surface in the medium where these 

particles are evolved, excellent dispersion could be achieved while retaining the nanometer size 

distribution and essential structural characteristics of the core-shell morphology (Scheme 3.1). 
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 In this process, logical selection of the reducing agent is the key requirement for the 

successful accomplishment of dispersion because, as the reducing agent reduces the metal ions 

and creates core-shell nanoparticles, its own degradation and oxidation products play another 

major role by building the required surface sites on the substrate surface. A controlled interplay 

of these features helps to attain sufficiently good dispersion of the core-shell nanoparticles on the 

carbon substrates, all involving milder experimental conditions and easy workups. For examples, 

in the case of the carbon supported Cu-Pt core-shell catalyst, which comprises a Cu core and a Pt 

shell (Cu@Pt/C), the synthesis was accomplished by sequential reduction of CuCl2 and H2PtCl6 

by using ascorbicacid (AA), where AA acts as the reducing as well as stabilizing agent. Thus, 

both the core-shell feature and dispersion could be simultaneously maintained by using the 

modification-cum-anchoring strategy process. Most importantly, it has been observed that 

Cu@Pt/C outperforms the Pt/C catalyst during electrochemical oxygen reduction reaction in 

terms of the overpotential (detailed discussion is provided in Part-A).  

 

Scheme 3.1: Schematic representation of the strategy involved in the synthesis of the Cu@Pt/C and 

Fe2O3@Pt/C core-shell nanoparticles by the sequential reduction method. 
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Similar to the Cu@Pt/C catalyst, the Fe-Pt core-shell structured electrocatalyst supported 

on carbon (Fe2O3@Pt/C) was prepared by following the similar surface modification-cum-

anchoring protocol and its ORR activity was screened. A single cell of PEMFC was also 

prepared  by using this catalyst in the cathode and its performance evaluation was done, which is 

found to be better than that of the cell made from the state-of-the-art Pt/C as the cathode when 

the electrode thickness is below a threshold level (detailed discussion is provided in Part-B). 

Thus, the outstanding performance of the electrodes derived from the core-shell structured 

electrocatalysts opens up a great scope for realizing cost effective systems and miniature cells for 

various niche applications. 

Part-A: Carbon Supported Cu-Pt Core-Shell Catalyst (Cu@Pt/C): 

Preparation, Characterization and Activity Evaluation. 

3A.1. Experimental Section 

3A.1.1. Synthesis of Functionalized Vulcan Carbon XC-72 (F-C) 

For the functionalization of Vulcan carbon XC-72 support, H2O2 treatment was used.[6] 

During the synthesis, 500 mg of Vulcan carbon was dispersed properly in 100 ml of H2O2 (30 %) 

solution by ultra-sonication for 15 min. Further, the Vulcan carbon and H2O2 reaction mixture 

was refluxed for 5h at 60 oC. Finally, the mixture was filtered with 0.2 µm PTFE membrane 

filter paper and washed thoroughly with DI water. Subsequently, the material was dried at 80 oC 

for overnight. The functionalized Vulcan carbon XC-72 is designated as F-C.   

3A.1.2. Synthesis of Cu@Pt/C Core-Shell Structured Electrocatalyst 

8 ml aqueous solution of 0.1 N CuCl2 was reduced by adding 40 ml aqueous solutionof 

0.1 N AA and the solution was subsequently kept on stirring for 30 min. The pH of reaction 

mixture was maintained to 12 by drop-wise addition of 10 % NaOH. Under these conditions, the 

copper gets reduced, indicated by a reddish colour, and instantaneously 8 ml aqueous solution of 

0.01 N H2PtCl6 was added without altering the pH of the reaction mixture. After the addition of 

H2PtCl6, the reaction mixture was kept on stirring for 20 min, at 60 oC to ensure complete 

reduction of Pt+x preceded the colour change of the mixture to black. F-C was dispersed in DI 

water by ultra-sonication and instantly added to the reaction mixture and kept on stirring for 10 

h. Afterwards, the catalyst (Cu@Pt/C) was filtered (PTFE membrane filter paper having 0.2 μm 
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pore size, Rankem) and dried at 90 oC for 2 h. Further, to study the effect of the shell thickness 

on the structure and properties of the core-shell materials, catalysts bearing different Pt weight 

percentage were synthesized (Table 3A.1). Mainly, three samples were prepared with 18, 15 and 

10 wt. % of Pt and the prepared catalysts are designated as Cu50:Pt18, Cu50:Pt15, and Cu50:Pt10, 

respectively. 

Table 3A.1: The synthesized catalysts with varying shell concentration. 

Cu@Pt/C 

Sr. No. Sample Code Name Cu:Pt:C ratio ( wt. %) 

Cu Pt C 

1 Cu50:Pt18 50 18 32 

2 Cu50:Pt15 50 15 35 

3 Cu50:Pt10 50 10 40 

4 Cu50:Pt0 50 0 50 

 

3A.2. Results and Discussion 

3A.2.1. TEM Analysis 

Structural morphology of the prepared core-shell structures of Cu@Pt/C (Cu50:Pt18) has 

been investigated by TEM analysis. Figure 3A.1 provides the TEM images of Cu50:Pt18 

supported on Vulcan XC-72 at different magnification. Figure 3A.1a shows the well dispersion 

of Cu50:Pt18 core-shell nanoparticles on carbon. Here, the nanoparticles are well separated from 

each other and monodispersity on the carbon support has been essentially maintained. The 

magnified portion has been shown in Figure 3A.1b, which indicates the clear picture of the core-

shell structure. The inset of Figure 3A.1b reveals the essential features of the Cu50:Pt18 core-shell 

structure, possessing a thin shell of Pt (~0.5 nm) on the non-noble metal (Cu) core, giving an 

overall particle size of 3-4 nm. Moreover, looking closely to the TEM (inset of Figure 3A.1b), it 

can be seen that Cu-core shows a diameter of 2.5 nm and it possesses higher concentration 

compared to the Pt-shell. In addition, the difference between the interference fringes and their 

interpenetration at the interface of the two layers indicate the formation of crystalline cores and 

shell structures, which can be seen in Figure 3A.1c. This intervention leads to reduction in the 

Pt-Pt inter-atomic distance at the surface and modifies the electronic and crystalline properties of 
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the Pt skin layer, which eventually helps in improving the electrocatalytic activity of the 

surface.[7-9] Moreover, the calculated d-spacing values at the center and surface (shown in Figure 

3A.1.c) are found to be 0.20 and 0.23 nm, which give the evidence of Cu as a core and Pt as a 

shell. In addition, the measured d-spacing values from the selective area diffraction pattern 

(SAED) (Figure 3A.1d) are 3.37, 2.08 and 1.48 Å for Cu 50:Pt18, which match with those of Pt 

(111), (200) and (220) planes, respectively.  

More importantly, while performing the TEM investigation of the core-shell structures 

supported on the carbon substrate, we have to simultaneously take care of the contrast 

differences of Cu, Pt and carbon. Here, we faced some problems to simultaneously distinguish 

the contrast difference between Pt and carbon. However, this could be overcome up to some 

extent by focusing on the particles deposited along the curved edges (Figure 3A.1b). 

Specifically, carbon supported Cu50:Pt18 has shown formation of continuous Pt-shell in 

comparison to the all other prepared samples (i.e. Cu50:Pt0, Cu50:Pt10 and Cu50:Pt15; confirmed by 

the electrochemical study, discussed in Section 3A.2.6). Hence, Cu50:Pt18 has been chosen for the 

further evaluations.  

 

Figure 3A.1: (a) TEM image of well dispersed Cu@Pt (Cu50: Pt18) particles on Vulcan XC-72, (b) 

magnified portion of (a) indicating core–shell features of the supported nanoparticles and inset shows the 

magnified single core–shell nanoparticle with its core and shell dimensions, (c) HR-TEM image of 

Cu@Pt (Cu50: Pt18) with lattice fringes of Cu (red) and Pt (pink) and (d) SAED pattern of the Cu50: Pt18. 
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Furthermore, to be more realistic and to compare the activity of the prepared core-shell 

structured electrocatalyst with commercially available 20 wt. % Pt/C (Pt20), we have also taken 

the TEM images of Pt/C. As can be observed from Figure 3A.2, the nanoparticles of Pt are well-

dispersed with a mean particle size of ~ 3-5 nm. Moreover, most of the Pt particles have a 

spherical shape (Figure 3A.2a,b). Thus, both the Pt/C and core-shell catalysts have nearly 

similar dispersion and shape characteristics. The HR-TEM image in Figure 3A.2c demonstrates 

good crystalline nature of the nanoparticles, matching with the Cu50:Pt18 sample. The HR-TEM 

of Pt/C has shown a d-spacing value of 0.23 nm, which is corresponding to the (111) plane of Pt. 

This also gives information on the good crystallinity of the system. The calculated d-spacing 

values from the SAED pattern are matching with (Figure 3A.2d) with the (111), (200) and (220) 

planes of Pt. 

 

 
 
Figure 3A.2: (a, b) TEM images of a commercially available 20 wt. % Pt/C (Pt20) taken at different 

resolutions, (c) HR-TEM image of Pt/C showing the lattice fringes and (d) SAED pattern of the Pt/C. 

3A.2.2. XRD Analysis 

XRD technique has been used to confirm the crystallinity of the prepared catalysts. 

Figure 3A.3 shows the comparative XRD of Cu@Pt/C (Cu50:Pt18) and Pt/C. The XRD patterns 
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of Cu@Pt/C prepared with varying Pt content are provided in Figure 3A.4, along with the XRD 

of Cu. Slight shift in the Pt (111) and Pt (200) peak positions indicates change in the lattice of the 

core-shell metal as a result of the shell thickness variation and interpenetration of the lattice 

planes.[10] The well resolved broad peaks in the XRD patterns in comparison to the commercial 

Pt/C catalyst presumably indicate the high dispersion of the nanoparticles on the substrate 

surface.[6, 10-14] The 2θ values of ~39.1, ~46.51 and ~68.1o correspond to the Pt (111), (200) and 

(220) planes, respectively, confirming the face centered cubic (fcc) crystal structure of Pt.  

 

Figure 3A.3: Comparative XRD spectra of Cu@Pt/C (Cu50:Pt18) and Pt/C. 

As mentioned above, to understand the exact concentration of Pt needed to completely 

cover the Cu-core, different samples named as Cu50:Pt18, Cu50:Pt15, Cu50:Pt10, and Cu50:Pt0 were 

prepared by keeping the amount of Cu same in all the samples. These samples were analyzed by 

XRD and cyclic voltammetry (CV). Interestingly, the absence of the core metal peak/s in the 

XRD of Cu50:Pt18 clearly indicates that the Cu core is well shielded by the Pt shell (Figure 3A.3 

and 3A.4) in the sample. This has been substantiated by CV taken in acidic media, which 

indicates the absence of the characteristic redox peaks of Cu in Cu50:Pt18 (a detailed discussion 

on the CV is provided in Section 3A.2.6). It can be clearly seen that the Cu (111) peak appeared 

between the 40-45o in case of Cu50:Pt15 (Figure 3A.4c) is found to be absent in case of Cu50:Pt18 

(Figure 3A.4d). This stands out as a strong evidence for the complete coverage of the Cu-core by 
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the Pt-shell. From these results, it can be concluded that the 18 wt. % of Pt is enough to provide 

the continuous shell on the Cu-core.   

 

Figure 3A.4: XRD spectra of (a) Cu50:Pt0, (b) Cu50:Pt10, (c) Cu50:Pt15 and (d) Cu50:Pt18. 

3A.2.3. Infra-Red Spectroscopy  

As mentioned earlier, to maintain better dispersion of the core-shell nanoparticles, both 

AA and its oxidative products formed during the synthesis process create the anchoring sites on 

the carbon surface and, thus, effectively prevent agglomeration of the particles on the substrate 

surface. The formation of the functional groups on the surface of the carbon substrate has been 

confirmed by IR spectroscopy. Figure 3A.5 shows the IR spectra of AA, Vulcan XC-72, Vulcan 

XC-72 functionalized by H2O2 (FC), and AA-treated FC (AAFC) before and after washing and 
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after core-shell nanoparticles dispersion on AAFC. The IR band at ∼1745 cm-1 of the AAFC is 

corresponding to the –C=O stretching frequency of the dehydroascorbic acid and 2, 3-

diketogulonic acid moieties grafted during the reduction process (Figure 3A.5, right side, peak 

marked as ‘iv’). Furthermore, the peaks at ∼1055 (Figure 3A.5, right side, peak marked as ‘i’) 

and ∼1225 cm-1 (Figure 3A.5, right side, peak marked as ‘ii’) are attributed to the -C-O 

stretching of acid and ether groups, respectively. These IR stretching gives confirmation on the 

in situ modification of the support surface. The analysis also reveals that dispersion of Cu@Pt/C 

nanoparticles on the carbon support surface eradicates the majority of the surface groups grafted 

on the surface. In addition, the IR-band at ~1580 cm-1 (Figure 3A.5, right side, peak marked as 

‘iii’) of AAFC before and after the washing is attributed to the C=C stretching frequency of the 

dehydroascorbic acid and 2, 3-diketogulonic acid moieties grafted during the process. The sharp 

peak of C=C stretching in case of AAFC after the washing in comparison to the sample collected 

before the washing could be due to the effective interaction of the degradation products of AA 

with the carbon surface (Figure 3A.5, right side, peak marked as ‘iii’). However, in the case of 

the AAFC sample collected before the washing, the C=C IR-band is appeared to be very broad, 

which might be due to the combined effect of the grafted and non-grafted degradation products 

of the AA on the carbon surface.   

 
Figure 3A.5: (Left side) IR spectra of (a) ascorbic acid (AA), (b) Vulcan XC-72, (c) functionalized carbon 

(F-C), (d, e) AA-treated FC (AAFC) (before washing and after washing) and (f) Cu@Pt/C. (Right side) 

Enlarged view of the marked area with the red color box.  
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The coexistence of the reduction products and the oxidized and decomposed 

intermediates along with the excess reducing agent and provision for direct anchoring on the 

substrate surface thus ensure quality dispersion by effectively preventing extensive growth of the 

particles. Overall, the process leads to the conceptualization of ex situ dispersion of core-shell 

nanoparticles on in situ modified carbon substrate in the reaction mixture where the particles are 

actually originated. In this way, many multistep processes and post-synthesis treatments could be 

effectively eliminated, which often trigger aggregation of particles and inhomogeneity in their 

dispersions. 

3A.2.4.  XPS Study 

 

Figure 3A.6: Deconvoluted XPS of (a) Cu 2p and (b) Pt 4f, of Cu@Pt/C. 

The change in the electronic environment of Cu@Pt/C has been confirmed by XPS 

analysis. The deconvoluted XPS of Cu and Pt in Cu@Pt/C, shown in Figure 3A.6, shed light 

onto the nature and states of existence of nanoparticles on the surface of carbon. The XPS of Cu 

(Figure 3A.6a) shows two main peaks at ~934.32 and 954.11 eV which are attributed to Cu0 

(2p3/2, 2p1/2). Along with this, the corresponding satellite peaks of 2p3/2 (S1) and 2p1/2 (S2) are 

appeared at ~944.65 and ~964.60 eV, which indicate the bonding of Cu with oxygen.[15] Thus, 

the shake-up satellite peaks of Cu at higher binding energy embody the presence of oxide of the 

core metal.[16-17] Moreover, the Pt 4f spectrum (Figure 3A.6b) of Cu@Pt/C is fitted with four 

peaks originating from the spin-orbit splitting of 4f7/2 and 4f5/2 states. The peaks at the binding 

energies of ~71.30 (Pt 4f7/2) and ~74.50 eV (Pt 4f5/2) are attributed to the Pt0 state whereas the 

two supplementary peaks at the binding energies of ~72.80 and ~76.60 eV are attributed to the 
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Pt+2 state.  Overall, a comparison of the relative intensities of the peaks due to Pt0 and Pt-O in 

XPS of Cu@Pt/C indicates that Pt in both the catalysts is predominately in the metallic state. The 

XPS of the commercially available Pt/C is presented in Figure 3A.7.   

 
Figure 3A.7: XPS of the commercially available 20 wt. % Pt/C; a) full scan survey, b) Pt 4f spectra, c) C 

1s spectra and d) O 1s spectra. 

The XPS data of pure Pt (Figure 3A.7) shows only two peaks, without any 

supplementary peaks, at the binding energies of ~71.00 and ~74.10 eV corresponding to the Pt0 

state. Absence of the peaks corresponding to the Pt-O indicates that Pt in this system is purely 

metallic. Moreover, a comparison of the XPS of Pt in the core-shell structure and pure Pt 

indicates a shift in the peak positions. The shifting of the peak position to a higher binding 

energy can be due to the core-shell interface and small size of Pt, which leads to the bonding 

between O and Pt, altering the electronic structure of Pt.[18] Moreover, the interaction between 

the carbon support and the surface Pt atoms of the core-shell structures also can contribute in the 

binding energy shift. The exact nature of the Pt interaction with the carbon is still a matter of 

debate. It is reported that delocalized electrons in the p-orbital of the π-sites on carbon overlap 
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with a d-orbital of Pt, signifying partially a covalent bonding nature.[19] The obtained XPS results 

are summarized in Table 3A.2. 
Table 3A.2: Results of the XPS analysis. 

Sample Name Peak Peak Position wt. % 

Cu@Pt/C Cu 2p 2p3/2 2p1/2 S1 S2 49.95 

934.32 954.11 944.65 964.60 

Pt 4f 4f7/2 4f5/2 17.89 

71.30 74.50 

Pt/C (Pt20) Pt 4f 4f7/2 4f5/2 20.10  

71.00 74.10 

 

3A.2.5.  Thermogravimetric Analysis 

The thermal stability of the catalysts has been evaluated by thermogravimetric analysis 

(TGA) in an air atmosphere. TGA plots of Vulcan XC-72, Pt/C as well as the catalysts, namely 

Cu50:Pt0, Cu50:Pt18, and AA-F-C (Figure 3A.8) show an initial weight loss at 100 oC due to the 

loss of moisture. A prominent weight loss region has been observed in the case of AA-F-C in the 

proximity of 300 oC, which has been attributed to the loss of organic moieties adsorbed or 

deposited on the surface of carbon.  

 
Figure 3A.8: Thermogravimetric curves of Vulcan-XC-72, Pt/C (Pt20), Cu50:Pt0, Cu@Pt/C (Cu50:Pt18), 

and AA-F-C performed in an air atmosphere. 
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The samples Cu50:Pt0, and Cu@Pt/C (Cu50:Pt18) do not display prominent weight loss in this 

region, indicating nearly complete removal of the organic residues and moieties from the surface. 

Therefore, these results, along with the evidences from the IR and TEM analysis, rule out the 

possibilities of forming fibrous organic shells which can be originated during the decomposition 

of AA. Further loss in weight starting at 450 oC is attributed to the decomposition of carbon. 

Residual weight of 84 wt. % in the case of Cu@Pt/C (Cu50:Pt18) core-shell catalyst indicates the 

combined weight of Pt, Cu and the corresponding oxide forms of Cu. Moreover, the commercial 

sample of Pt/C shows the weight loss at ~400 oC, which is assigned to the degradation of carbon, 

leading to the residual weight of ~21 wt. %. This residual weight indicates the weight of Pt. 

Overall, the obtained weight percentage from TGA is nearly matching with the value estimated 

from the XPS result. 

3A.2.6. Electrochemical Analysis 

The combined effect of Pt strain, formation of metal oxide, modifications in the lattice 

planes caused by the interpenetration and changes in the electronic structure of Pt and efficient 

dispersion on a carbon substrate results in improved electrochemical performance of the 

Cu@Pt/C system. Absence of the characteristic redox couple of Cu (corresponding to Cu50:Pt0 in 

Figure 3A.9) in the cyclic voltammograms of Cu50:Pt18 clearly indicates confinement of the Cu 

core within the incessant protective layer of Pt. The evolution of a continuous shell of Pt can be 

visualized from the set of cyclic voltammograms presented in Figure 3A.10.  

The electrochemically active surface area (ECSA) has been calculated from the charge 

required for hydrogen desorption by using Equation 3A.1. 

                ECSA = QH / (0.21 * [Pt])                              (3A.1) 

where, ‘QH’ represents the charge for hydrogen desorption, ‘[Pt]’ is the amount of Pt-loading on 

the electrode surface and ‘0.21 mC/cm2’ represents the charge required to oxidize a monolayer of 

hydrogen from the surface of Pt.[10] 

Calculated electro-active surface area (ECSA) is 125 m2/g for Cu50:Pt18 and 94.5 m2/g for 

Pt/C.  
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Figure 3A.9: Comparative cyclic voltammograms of Cu50:Pt18, Cu50:Pt0, and Pt/C at 100 mV/s in a 

deaerated 0.5 M H2SO4 electrolyte, with Hg/Hg2SO4 reference electrode (MSE) and Pt-wire counter 

electrode. The amount of the Pt loaded on the electrode surface is 4.5 µgm. 

This clearly indicates that the formation of Pt in the form of a shell on another species helps to 

improve the reactive surface area as the skin layer adopts the surface geometric features of the 

core material. However, even though we have carried out a systematic study to optimize the Pt 

shell thickness, the benefit in terms of ECSA was dominant when the shell thickness was in the 

range of 0.5 to 1.0 nm, which corresponds to the composition Cu50:Pt18. The set of 

voltammograms presented in Figure 3A.10 indicates the gradual growth of the protective Pt 

shell on the Cu core, as evidenced by the progressive elimination of the redox peak 

corresponding to Cu as the Pt shell grows on its surface. The cyclic voltammogram 

corresponding to Cu50:Pt18 (the voltammogram numbered as ‘d’) gives the characteristic signatures 

corresponding to Pt in acid medium, which substantiates the claim that the Cu surface has been 

completely shielded by the protective layer of Pt. 
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Figure 3A.10: Cyclic voltammograms of (a) Cu50:Pt0, (b) Cu50:Pt10, (c) Cu50:Pt15 and (d) Cu50:Pt18. 

Thicker shells heal the surface roughness originated from the core material whereas 

thinner shells produce exposed patches of the core material surfaces. Consequently, Cu50:Pt18 on 

carbon has been taken as the choice sample for the electrochemical evaluations. An additional 

confirmation on the formation of an incessant shell of Pt on the Cu core has been obtained when 

the ECSA was continuously monitored while subjecting the catalyst to potential cycling in 0.5 M 

H2SO4. The CV profiles presented in Figure 3A.11a correspond to the 100 cycles taken at a scan 

rate of 100 mV/s. The graph of ECSA against the number of cycles (inset of Figure 3A.11a) 
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clearly verifies the excellent electro-chemical stability attained by the core material in the shell 

of Pt. The overall percentage loss of ECSA is merely 0.34 % during the course of the potential 

cycling. The electrocatalytic activities for ORR are studied by the hydrodynamic rotating disk 

electrode (RDE) technique at different rotations per minute (rpm). 

 

Figure 3A.11: (a) Durability study of Cu@Pt/C (Cu50:Pt18) in 0.5 M H2SO4 electrolyte by recording 100 

cycles at a scan rate of 100 mV/s. (the respective inset shows the graph of ECSA versus number of 

cycles), and (b) comparative LSVs of Cu@Pt/C (Cu50:Pt18) and Pt/C performed at 900 rpm with O2 flow 

at 10 mV/s scan rate. 

 

Figure 3A.12: Koutecky–Levich (K-L) plots at -0.20 V and (inset) Tafel plots indicating the higher 

catalytic activity of the core-shell catalyst. 
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A comparison of linear sweep voltammograms (LSVs) for the core-shell catalyst and Pt/C, 

performed at an electrode rotation speed of 900 rpm, is shown in Figure 3A.11b. The limiting 

current density is found to be nearly the same in both the cases, but the core-shell catalyst has 

more positive onset potential. The relatively similar values of diffusion limited current indicate 

more or less similar oxygen diffusion in these catalysts irrespective of the nanoscale structural 

differences of the active components. On the other hand, the positive shift in the onset potential 

of the core-shell system, in comparison to the conventional Pt/C, underlines the fact that the 

carbon supported core-shell catalyst is more efficient for ORR. The half-wave potential is found 

to be 30 mV more positive for Cu50:Pt18 compared to that of Pt/C. The Koutecky-Levich (K-L) 

plot, which is a plot of the inverse of current density (j-1) as a function of the inverse of the 

square root of the rotation rate (ω-1/2), has been used to investigate the kinetic parameters at -0.2 

V (Figure 3A.12). The calculated rate constant is 2.5 x 10-3 cm/s for Cu50:Pt18 and 1.0 x10-3 cm/s 

for Pt/C, which clearly indicates that the rateconstant of the core-shell catalyst is twice higher 

than that of the conventional Pt/C. The Tafel plot (inset of Figure 3A.12) indicates the core-shell 

structured electrocatalyst possesses higher catalytic activity compared to Pt/C. 

Part-B: Single Cell Evaluation using the Carbon Supported Fe2O3-Pt Core-

Shell System (Fe2O3@Pt/C) as the Cathode Electrocatalyst 

Literature provides strong evidence on the superiority of Fe in tuning the oxygen 

reduction activity of Pt compared to that of Cu.[20-25] Considering this superiority of Fe over 

Cu,[20-25] Fe-Pt based core-shell system was prepared by adopting the same preparation protocol 

as developed for preparing the Cu-Pt system. Few key reasons of selecting the Fe based core-

shell catalyst for making the single cell include the strong activity of Fe towards the oxygen 

adsorption, inherent oxygen reduction property of Fe, its association with Pt can change the 

oxygen adsorption capacity of Pt and the ability of Fe to lower the d-band centre of Pt by 

inducing a degree of irregularity in the Pt lattice etc.[20-25] Lowering of the d-band centre and 

creation of degree of irregularity can result in the weakening of the Pt-oxygen bond, leading to 

easy dissociation of oxygen and, thereby, better ORR activity. 

A discussion on the synthesis of Fe2O3@Pt/C and characterizations using TEM, XRD, 

XPS, and IR-techniques is given briefly in the following sections.  Followed by this, a detailed 

discussion on the electrochemical analysis and single cell evaluation is included. 



AcSIR Chapter 3 

 

Vishal M. Dhavale  100 
 

3B.1. Experimental Section 

3B.1.1. Synthesis of Functionalized Vulcan Carbon XC-72 (F-C) 

 The Vulcan carbon was functionalized as per the reported procedure.[6] The detailed 

procedure is given in Section 3A.1.1.  

3B.1.2. Synthesis of Fe2O3@Pt/C Core-Shell Structured Electrocatalyst 

 The Fe2O3@Pt core-shell nanoparticles supported on Vulcan carbon catalyst 

(Fe2O3@Pt/C) was prepared by using the similar protocol used for the synthesis of Cu@Pt/C 

(Section 3A.1.2, Scheme 3.1). Here, Fe-precursor (i.e. iron nitrate) was used instead of Cu and 

all the other parameters were kept similar to those maintained for preparing the Cu system. 

3B.2. Results and Discussion 

3B.2.1.  TEM Analysis 

 

Figure 3B.1: TEM images of (a) Fe2O3@Pt/C indicating the presence of well-dispersed core-shell 

nanoparticles on the surface of the carbon support, (b) Fe2O3@Pt/C core-shell nanoparticles clearly 

showing the boundaries of the core and shell regions of the nanoparticles, where the inset shows the 

particle size histogram of Fe2O3@Pt/C nanoparticles with an average particles size of ~3-5 nm, (c) HR-



AcSIR Chapter 3 

 

Vishal M. Dhavale  101 
 

TEM image of a single particle showing the lattice mismatch at the edge of the core and shell region and 

(d) SAED pattern of the Fe2O3@Pt/C. 

Figure 3B.1 shows the TEM image of well-dispersed Fe2O3@Pt/C nanoparticles with 

essential features of the core-shell structure (particle size is ~3-5 nm). The particles size 

histogram (inset of Figure 3B.1b) gives the evidence for the monodispersity of nanoparticles. 

Figure 3B.1c reveals lattice mismatch at the interface of the core and shell indicating the 

formation of crystalline core-shell nanoparticles. Moreover, the calculated lattice spacing values 

at the center and surface (shown in Figure 3B.1c) are found to be 0.25 and 0.23 nm, which give 

the evidence of the presence of Fe2O3 as a core and Pt as a shell in the system. In addition, the 

measured d-spacing values from the SAED pattern (Figure 3B.1d) are 3.35, 2.04, and 1.44 Å, 

which match with those of Pt (111), Pt (200), and Pt (220) planes, respectively. 

3B.2.2. XRD Analysis  

 

Figure 3B.2: XRD patterns of (a) Fe2O3/C, (b) Pt/C and (c) Fe2O3@Pt/C. 

Comparative XRD profiles of Fe2O3/C, Fe2O3@Pt/C and Pt/C are provided in Figure 

3B.2. The obtained peaks at 43 and 47° correspond to the iron oxide phase of Fe2O3/C. 

Moreover, these peaks are vanished in the case of Fe2O3@Pt/C and instead well-distinguished 

peaks at 39.8, 46.4, and 68.6°, corresponding to the (111), (200), and (220) planes of the fcc 
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crystal of Pt, are appeared. In addition, the clear shift of the XRD peaks toward higher 2θ value 

of Pt (111) certifies the lattice contraction, which indicates the change in the electronic as well as 

geometric nature of the Pt-shell. The observed broad peaks indicate the high dispersion of the 

nanoparticles possessing small particle sizes on the substrate surface. 

3B.2.3. Infra-Red Spectroscopy  

 

Figure 3B.3: IR spectra of (a) ascorbic acid (AA), (b) Vulcan XC-72, (c) functionalized carbon (F-C), (d, 

e) AA-treated FC (AAFC) (before washing and after washing), and (f) Fe2O3@Pt/C.  

As mentioned earlier in Section 3A.2.3, in the present case also, the signature peaks 

corresponding to the surface functional groups grafted on the surface of the carbon substrate 

could be observed due to the oxidative products of AA (Figure 3B.3). These peaks are observed 

at ∼1745 cm-1 in case of the AAFC samples (spectrum “d” and “e” in Figure 3B.3), which 

represent the -C=O stretching frequency of the dehydroascorbic acid and 2,3-diketogulonicacid 

moieties grafted during the reduction process. Furthermore, the peaks at ∼1055 and ∼1225 cm-1 

are attributed to the-C-O stretching of the acid and ether groups (spectrum “d” and “e” in Figure 

3B.3), respectively. Moreover, the IR-investigation reveals that dispersion of Fe2O3@Pt/C 
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nanoparticles on the carbon support surface eradicates the majority of the surface groups grafted 

on the surface (spectrum “f” in Figure 3B.3). During the synthesis, the bi-lateral interaction 

between the grafted functional groups and formed Fe2O3@Pt core-shell structures provides the 

quality dispersion with controlled growth kinetics of the core-shell nanoparticles (Scheme 3.1). 

3B.2.4. XPS Analysis 

Figure 3B.4 shows the deconvoluted XPS spectra of Fe and Pt in Fe2O3@Pt/C. The peaks at the 

binding energy of ~71.3 (Pt 4f7/2) and ~74.5 eV (Pt 4f5/2) are attributed to the Pt0 state, whereas 

the two supplementary peaks at the ~72.8 and ~76.6 eV are attributed to the Pt2+ state. The 

relative peak intensities of Pt0 and Pt-O indicate that the Pt is predominately in metallic form. 

However, the higher binding energy of the Pt peaks (Figure 3B.4) comparing to the pure Pt 

(Table 3A.2) can be attributed to the core and shell interface and the small size of the Pt, which 

lead to the bonding between O and Pt and bring alteration in its electronic structure.[19, 26] 

Moreover, the XPS of Fe shows peaks at 709.70 and 724.11 eV which are attributed to Fe0 (2p3/2, 

2p1/2). There are also peaks at 712.00 and 725.60 eV along with a satellite peak at ~718.00 eV, 

which indicate the bonding of Fe with oxygen.[15, 27] This indicates that the core is having a 

mixed composition of both metallic and oxidic characteristics, even though the oxide phase 

predominates over the metallic phase. Furthermore, the concentrations of Fe-oxide and Pt are 

found to be 40 and 18 wt. %, respectively, in Fe2O3@Pt/C. 

 

Figure 3B.4: Deconvoluted XPS of (a) Fe 2p and (b) Pt 4f of Fe2O3@Pt/C. 
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3B.2.5. Thermogravimetric Analysis 

Comparative TGA plots of the commercial Pt/C, Fe2O3/C, and Fe2O3@Pt/C (Figure 

3B.5) show two weight loss regions, one starting at 100 °C and another one  after 400 oC, which 

are attributed to the loss of moisture and the decomposition of carbon, respectively. A residual 

weight of 64 wt. % in the case of Fe2O3@Pt/C core-shell catalyst indicates the combined weight 

of Pt, Fe, and the corresponding oxide forms of Fe. 

 

Figure 3B.5: TGA profiles of AA-F-C, Vulcan carbon XC-72, Pt/C, Fe2O3/C and Fe2O3@Pt/C recorded 

in a temperature range of room temperature (RT) to 900 OC under air atmosphere. 

3B.2.6. Electrochemical Analysis of Fe2O3@Pt/C Electrocatalyst 

The electrochemical analysis was carried in HClO4 electrolyte, instead of H2SO4 to avoid the 

issue of sulfate poisoning. The electrochemical evaluation of the samples further augments the 

formation of the core-shell structure with the modulated electronic and structural properties as 

visualized from the aforementioned characterization data. This has been confirmed by a set of 

dedicated electrochemical experiments in aqueous HClO4 solution. Figure 3B.6a and Figure 

3B.6b respectively show the CV profiles of Fe2O3@Pt/C and Pt/C with different Pt loadings on 

the electrode recorded at a scan rate of 100 mV/s in 0.5 M HClO4 with a conventional three-

electrode system. The hydrogen adsorption and desorption take place in the potential range of 0-

0.3 V (vs. NHE), and the features in this region resemble very much that of a polycrystalline Pt  
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Figure 3B.6: Combined cyclic voltammograms of (a) Fe2O3@Pt/C and (b) Pt/C with different Pt loadings 

performed at 100 mV/s in 0.5 M HClO4. All the graphs are normalized with respect to NHE. 

 
Figure 3B.7: Cyclic voltammograms of (a) Fe2O3/C, (b) Pt/C, (c) Fe2O3@Pt/C performed with a scan 

rate of 100 mV/s. The absence of Fe redox peaks (shown by black circle) in case of Fe2O3@Pt/C confirms 

the formation of continuous Pt shell on the iron based core, and (d) and (e) show the durability of 

Fe2O3/C and Fe2O3@Pt/C performed in 0.5 M HClO4 solution (100 scans) at 100 mV/s. The amount of Pt 

loaded on the electrode surface in the case of Fe2O3@Pt/C and Pt/C is maintained to be 2 µgm. 
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electrode in acid solution. The absence of the redox couple corresponding to the Fe moiety 

clearly underlines the formation of a continuous protective layer of Pt over the iron-based core 

(Figure 3B.6a and Figure 3B.7).[28] Moreover, the durability assessment of Fe2O3/C and 

Fe2O3@Pt/C (Figure 3B.7d, e) catalyst has been done by subjecting potential cycling (100 

cycles) between 0 and 1.3 V (vs. NHE).  

 

Figure 3B.8: Comparative cyclic voltammograms of Fe2O3@Pt/C and Pt/C with different Pt loadings at 

a scan rate of 100 mV/s, in a deaerated 0.5 M HClO4 electrolyte and Pt-foil as the counter electrode. The 

measurements were done by using Ag/AgCl reference electrode and are further normalized with respect 

to the potential of a NHE. 

A potential cycling can provide very useful information on the leaching of the iron-based 

core under acidic conditions if the core is not well protected by the Pt shell. This is a relatively 

fast and reliable method to confirm the formation of a protective layer of Pt on the base metal 

like Fe. Since the core-shell structure has been confirmed from TEM, XRD, and CV, the absence 

of anodic peaks of iron-based core in Fe2O3@Pt/C indicates the incessant shell of Pt on the 

surface of the iron based core. Fe2O3/C, which does not contain the protective Pt shell (Figure 

3B.7d) shows gradual decrease in the redox peak intensity corresponding to Fe due to the 

leaching of Fe from the Fe2O3 matrix under the potential induced conditions. On the other hand, 
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such a redox peak is completely absent in the case of Fe2O3@Pt/C (Figure 3B.7c, e) as the core 

is completely encapsulated by the Pt shell. Also, this system maintains substantial durability 

during the potential cycling, signifying the structural integrity of the system. The core and shell 

are mutually benefitted and they together bring integrity and efficiency. As the protective case of 

Pt ensures the required electrochemical stability of the core in the operating potential window, 

the morphology and surface roughness of the core on the other hand dictate Pt growth and 

thereby its unprecedentedly high active surface area is attained. The electrochemically active 

surface area (ECSA) has been calculated by using Equation 3A.1. 

An important behavior that we observed while measuring the ECSA of the core-shell 

catalystis its relatively high sensitivity to the coating thickness on the electrode surface compared 

to the normal Pt/C catalyst. The measured ECSA values as a function of the catalyst loading on 

the electrode for Fe2O3@Pt/C follows the order 185 m2/g (2μg) > 140 m2/g (4 μg) > 122 m2/g (6 

μg) > 102 m2/g (10 μg) (Figure 3B.8). Even though Pt/C also displayed a similar trend for its 

ECSA with the loading amount as 119 m2/g (2 μg) > 118 m2/g (4 μg) > 107 m2/g (6 μg) > 87 

m2/g (10 μg) (Figure 3B.8), a notable drop in this case has been observed only when the coating 

thickness goes to a significantly high level.  

 

Figure 3B.9: ECSA vs. Pt loading shows drastic drop in ECSA of Fe2O3@Pt/C compared to Pt/C even 

though the former displays superior values compared to the later throughout the experiment. It appears 

that the coating thickness plays a highly sensitive role in the case of the core-shell system. 
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It should also be noted that the ECSAs of Fe2O3@Pt/C are distinctly ahead of Pt/C under low 

catalyst loading conditions. The calculated ECSA values are plotted in Figure 3B.9, which 

clearly highlights the need to look into the optimum loading of the electrocatalyst to effectively 

make use of the morphological and structural benefits of the core-shell material. The high 

sensitivity of the Fe2O3@Pt/C catalyst with its coating amount on the electrode can be attributed 

to the resistance imposed by the core material, which increases significantly owing to its high 

mass fraction compared to Pt in the system. This is an important observation in the context of 

developing MEAs for PEMFCs, because as can be evident from later discussions, the best 

performance characteristics of an electrode derived from the Fe2O3@Pt/C catalyst could be 

obtained only when the thickness of the electrode was maintained below a threshold level. 

Similar behavior is observed in case of Pt/C, which could be assigned to the varying internal 

diffusion resistance towards the accessing of the active sites. 

 
Figure 3B.10: Comparative LSVs of Fe2O3@Pt/C and Pt/C performed at an electrode rotation speed of 

1200 rpm with an O2 flow at a scan rate of 10 mV/s in 0.5 M HClO4 electrolyte. 
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In accordance with the ECSA measurements, an analysis of the ORR activity also reveals a 

strong dependency on the coating thickness (Figure 3B.9 and Figure 3B.10). The 

electrocatalytic activities for ORR are recorded by the hydrodynamic RDE technique at different 

rotation speeds per minute (rpm). A huge difference in the performance characteristics between 

the two catalysts is clearly visible when the catalyst loading was maintained as 2 μg on the 

electrode. The enhanced activity of Fe2O3@Pt/C can be ascribed to the multiple features such as 

high ECSA, electronic modifications, and synergistic effects enjoyed by the system all the while 

avoiding the chance for the ohmic component of the core material to dominate and consequently 

upset the expected improvement in performance. The literature[29-30] shows that addition of a 

second metal exhibits an increase of surface d-vacancy, which facilitates electron donation from 

oxygen to the surface of Pt. This brings strong interaction between Pt and oxygen, which results 

in enhancement of oxygen adsorption and weakening of the O-O bond, leading to fast scission of 

the bond and enhanced ORR activities.[16-17, 19, 29-30] 

As already seen, the ORR activity of the core-shell catalyst, just like ECSA, is found to 

be significantly influenced by the coating amount of the catalyst on the electrode. Comparative 

RDE polarization curves of Fe2O3@Pt/C and Pt/C with varying catalyst loading performed at 

1200 rpm are shown in Figure 3B.10, which shed light into the fact that, unless the coating 

thickness is maintained within a threshold level, the benefits expected from the core-shell 

morphology cannot be extracted effectively. It should be noted that the composional effect and 

loading effect together dictate the ORR activity even though the extent of domination of the 

factors varies with the coating levels. Under low loading conditions, the core-shell system enjoys 

a clear edge over Pt/C in terms of both ECSA and ORR activity, whereas the differences narrow 

down as the coating thickness increases. The large mass fraction of the core material, which is 

predominantly oxidic, makes significant ohmic overpotential contribution and clearly dictates the 

performance under higher loading conditions. This important observation should not be 

underestimated during electrode fabrication because the real performance benefits of the core-

shell materials with oxide cores may not be clearly visualized beyond a coating thickness owing 

to the dominating role played by the ohmic component of the core materials. 

Further insights into the ORR dynamics were obtained from the analysis of the 

Koutecky−Levich (K-L) plot, which is a plot of the inverse of current density (j-1) as a function 
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of the inverse of the square root of the rotation rate (ω-1/2), as shown in Figure 3B.11. Total 

current obtained in the analysis is the sum of the inverse of diffusion, kinetic and film diffusion 

currents.[31] Details about the equations are provided in the Chapter 2, Section 2.3.2. The K-L 

plots generated from Fe2O3@Pt/C at different coating thicknesses (at 0.45 V) are shown in 

Figure 3B.11. Good linearity and parallelism of the K-L plots indicate that ORR follows first-

order kinetics and similar mechanistic aspects.[31-32] The reaction proceeds via a four electron 

transfer, which has been calculated from a Levich plot analysis of the RDE data. The calculated 

kinetic current density (jk) for the core-shell catalyst is 5.8 x 10-4 A/cm2 when the catalyst 

loading was maintained as 2 μg. On the other hand, in the case of Pt/C, the same catalyst loading 

gives a lower jk value of 3.8 x 10-4 A/cm2.  

 

Figure 3B.11: Koutecky−Levich plots of Fe2O3@Pt/C at 0.45 V generated from the LSVs taken as a 

function of different catalyst loading amounts. 

 
However, it has been noticed that the difference between the two systems in terms of the 

measured jk values narrows down as the catalyst coating thickness increases.This clearly 

indicates that the ORR kinetics of the core-shell catalyst is clearly higher than that of the 

conventional Pt/C catalyst, provided the thickness of the catalyst layer does not exceed a 

threshold level. The obtained higher activity at low Pt loading is attributed to the low resistance 

and better internal diffusion of the reactant at low thickness level. Overall, it was found from the 
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results that the ORR activity can be affected by the contributions from ohmic and diffusion 

components, and the ohmic component appears to play a dominating role in the case of the core-

shell system owing to the large mass fractionof the core component whose conductivity is 

expected to be significantly lower than that of Pt. 

Overall, the Fe-Pt based system is found to be better than Pt/C and even better than that 

of Cu@Pt/C, in terms of ECSA and onset potential. Therefore, the Fe-Pt system has been used to 

understand the behavior in real fuel cell applications. This has been explained in the following 

section.  

3B.2.7. Single Cell Testing of Fe2O3@Pt/C Electrocatalyst 

 

Figure 3B.12: (a) Polarization plots of MEAs fabricated by using Fe2O3@Pt/C with different Pt loadings 

by passing ultrapure H2 and O2 at the anode and cathode sides respectively at a flow rate of 0.2 slpm 

(100% relative humidity and at 60 °C cell temperature) and (b) a diagrammatic representation of the 

electrodes (left side) with varying Pt loading of Fe2O3@Pt/C and corresponding SEM images (right 

side)[(a) gas diffusion layer (thickness-300 μm), (b) electrode having 0.05 mg/cm2 Pt loading (total 

thickness-319.5μm; catalyst layer thickness - 19.5 μm), (c) electrode having 0.10 mg/cm2 Pt loading (total 

thickness-341.0 μm, catalyst layer thickness - 41.0 μm ), and (d) electrode having 0.20 mg/cm2 Pt loading 

(total thickness-391.0 μm; catalyst layer thickness - 91.0 μm)]. 

 
To investigate more clearly the effect of loading and thickness in a realistic perspective, a 

series of single cell performance evaluation with varying cathode Pt loading from 0.05 to 0.20 

mg/cm2 (Figure 3B.12a) was carried out. The thickness of the Pt-coated gas diffusion layer with 

varying Pt loading has been measured by the SEM analysis, and the corresponding images are 



AcSIR Chapter 3 

 

Vishal M. Dhavale  112 
 

shown in Figure 3B.12b. The analysis reveals that the thickness of the electrode possessing the 

Pt loading of 0.05 mg/cm2 is approximately 19.5 μm and this increases significantly (nearly to 90 

μm) as the Pt loading goes to 0.20 mg/cm2. It should be noted that the variation in the Pt loading 

has been achieved by controlling the catalyst coating thickness on the electrode. The trend in 

performance during the single cell evaluation is in par with the RDE results with respect to the 

thickness effect. The MEA corresponding to the cathode Pt loading of 0.05 mg/cm2, i.e., the one 

with the lowest thickness, displays the highest power density of  900 mW/cm2, whereas the MEA 

prepared by Pt/C with the same Pt loading and under similar test conditions displays a power 

density of approximately 700 mW/cm2 (Figure 3B.13).   

 
 
Figure 3B.13: Polarization study of the MEA prepared with Pt/C having 0.05 mg-Pt/cm2 loading at the 

cathode side and 0.30 mg-Pt/cm2 in the anode side by passing ultra-pure H2 and O2 on the anode and 

cathode sides, respectively. 

 
One reason for the high performance at low loading for Fe2O3@Pt/C can be attributed to the 

higher ECSA of the core-shell structure, which is better accessible when the coating thickness of 

the electrode is low.  As the thickness increases above a threshold level, along with the expected 
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mass transfer effects, the resistance contribution from the base metal species can be dominated in 

the core-shell system unlike in a Pt/C-based electrode. This leads to a technical limitation in 

obtaining the expected benefits from the core-shell geometry from thicker electrodes.   

Further, to understand the kinetics of the fuel cell reaction, the exchange current density 

has been calculated from the Tafel plot. The Tafel slope is an indication of the mechanism of the 

electrode reaction, which is related to the change in the nature of adsorbed oxygen species and 

their coverage variation with the potential. The low current density region corresponds to the 

oxygen reduction when the adsorbed hydroxyl species at the Pt surface determines the electrode 

activity. Tafel plot has been created by measuring the in situ resistance during actual single cell 

testing and by making accordingly the required IR compensation in the measured voltage. 

 

Figure 3B.14: Comparative Tafel plots of Pt/C and Fe2O3@Pt/C derived from the single cell analysis.  

Both Tafel intercept and slope have been used to reveal the properties of the rate-determining 

step. Figure 3B.14 shows representative comparative Tafel plots generated from the single cell 

polarization data based on the electrodes fabricated from Fe2O3@Pt/C and Pt/C. The measured 

Tafel slope values are 61 mV/decade for the core-shell system and 72 mV/decade for the Pt/C 

system. The Tafel slope can then be used to calculate the effective transfer coefficient, and the 

Tafel intercept gives the value of exchange current density. The calculated transfer coefficient 
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(α) is nearly 0.5 for both the systems. However, more than one order of the difference in the 

exchange current density as measured for Fe2O3@Pt/C (1.26 x 10-7 A/cm2) and Pt/C (6.60 x 10-8 

A/cm2) clearly depicts the distinct benefit obtainable from a properly designed electrode based 

on the core-shell catalyst for PEMFC applications. 

 

Figure 3B.15: Durability study of the MEAs by switching the voltage between 0.6 V and OCV (10 h) by 

passing ultrapure H2 and O2 on the anode and cathode sides, respectively. Fe2O3@Pt/C MEA having (a) 

0.05 mg of Pt/cm2, (b) 0.10 mg of Pt/cm2 and (c) 0.20 mg of Pt/cm2 loading at the cathode side. (d) MEA 

prepared by Pt/C having 0.05 mg of Pt/cm2 loading at the cathode side. In all the cases, the anode side Pt 

loading was maintained as 0.30 mg/cm2. 

Durability of MEAs has been tested for 10 h (Figure 3B.15) by keeping the cell at 0.6 V 

for 30 min and thereafter switching the voltage to OCV and again bringing it back to 0.6 V. We 

found that there is little fluctuation in potential, but the current density is constant throughout the 

evaluation period of 10 h.The obtained results are tabulated in Table 3B.1. Thus, the durability 

assessment assures the integrity of the core-shell material and reliability of the electrodes derived 
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from these materials to deliver sustainable power output (voltage×current) under the operating 

electrochemical environments. 

Table 3B.1: Electrochemical activities of the prepared catalysts and their single cell performance data. 

Electrochemical active surface area (m2/g) 

 2 μg of Pt 4 μg of Pt 6 μg of Pt 10 μg of Pt 

Fe2O3@Pt/C 185 140 122 102 

Pt/C 119 118 107 87 

 
Single cell performance evaluation of Fe2O3@Pt/C 

 
Cathode Pt-

loading 

Max. Power Density 
(mW/cm2) 

Max. Current Density 
(mA/cm2) 

OCV (V) 

0.05 mg/cm2 900 3000 0.910 

0.1 mg/cm2 775 2450 0.896 

0.2 mg/cm2 622 1510 0.850 

 

3.2. Conclusion  

The adopted method gave an effective strategy for preparing well dispersed carbon 

supported core-shell nanoparticles of Pt possessing remarkable electrocatalytic activities. 

Sequential addition of the reactants is critical because the degradation and oxidation products of 

AA during the metal ion reduction and self-oxidation play pivotal role to modify the carbon 

surface and thereafter to anchor the as formed core-shell particles on the surface. Since the core-

shell particles are allowed to form in the preceding step and subsequently anchor on the carbon 

surface in a sequential process, both excellent core-shell features and high dispersion could be 

simultaneously ensured in this process. The synthesized Cu@Pt/C and Fe2O3@Pt/C 

electrocatalysts possess core-shell features as well as good dispersion on the carbon substrate. 

Both the electrocatalysts have delivered better ORR activity compared to Pt/C. However, 

Fe2O3@Pt/C has delivered better ECSA and ORR activity compared to Cu@Pt/C. Most 

importantly, Fe2O3@Pt/C has shown higher performance for ORR at a significantly low Pt 

loading, possibly due to the less ohmic overpotential by the oxidic core moiety when the coating 

thickness is less. Hence, in a system possessing a less conductive core material, i.e. Fe2O3, it is 

mandatory to prevent the electrode thickness from exceeding a threshold level owing to the 
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greater dominance of the core material with its higher mass fraction in the system. Exceeding the 

thickness beyond a threshold level upsets the electrochemically active surface area, oxygen 

reduction kinetics, and polarization characteristics. On theother hand, in properly optimized 

systems, the core-shell (Fe2O3@Pt/C) material clearly outperforms the conventional Pt/C, 

leaving great scope for the development of high performance, cost-effective low-Pt 

electrocatalysts possessing excellent electrochemical stability. Realization of high-performance 

thin electrodes is expected to make radical changes in the design aspects of PEMFCs along with 

its potential to develop miniature cells for various niche applications. This could be an 

innovative and elegant solution for realizing micro fuel cells and better system adaptability for 

various applications. 
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 This chapter deals with the effective 

utilization of the intrinsic properties of a 

hollow 3-dimensinal (3-D) CuPt nanocage 

material (CuPt-NC) for devising effective 

cathode electrode for Zn-air battery owing to 

its remarkable oxygen reduction activity in 

alkaline medium. The key properties of the 

structure such as the higher active centers, 

surface area, and molecular accessibility along 

with its 3-D electrocatalytic surface have been 

highlighted. In conjunction, the mentioned 

structural properties of CuPt-NC have been utilized to screen its activity towards ORR in 

primary Zn-air battery as an air electrode. The steady state polarization and discharge profile 

have been recorded and explained thoroughly. All the results have been compared with respect to 

the performance characteristics of the commercially available 20 wt. % Pt/C based systems. 

 

______________________________________________________________________________ 

*The content of this chapter has been published in “ACS Catalysis, 2015, 5, 1445−1452” 

-Reprinted (adapted) with permission from (ACS Catalysis, 2015, 5, 1445-1452). Copyright 
(2015) American Chemical Society. 
 

Chapter 4 
Low-Platinum based 3-D Hollow Nanocage 

Structure for Oxygen Reduction Reaction in 
Primary Zn-Air Battery* 
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4.1. Introduction 
In recent days, metal-air batteries have attracted substantial research attention due to their 

applications in portable devices such as hearing aids, toy cars, flashlights, clocks, etc.1-2 Among 

the available metal (M)-air batteries (M = Cd, Zn, Li, Al etc.), Zn-air battery is being widely 

examined due to the low cost, abundance and environmental benignity of Zn.1-2 The Zn-air 

battery also enjoys high theoretical energy density and long shelf-life compared to the traditional 

aqueous batteries.3,4 However, the prospect is limited by poor performance of the air electrode 

due to its sluggish ORR activity at the cathode, compared to the anodic oxidation of the Zn 

metal.1-6 Hence, development of an efficient cathode catalyst for the Zn-air battery is an existing 

challenge in front of the scientific community.1-6 Hitherto, alloys and core-shell structures of Pt-

based metals in the supported form are found to be showing better activity for ORR.7-13 

Moreover, the limited-localized electronic interaction with the support or within the particles 

leads to support corrosion, which eventually leads to particle agglomeration during the actual 

operating conditions.7-13 Along with this, the reactant distribution and its utilization are the added 

issues associated with these types of conventional materials.7-13 Additionally, the tedious 

synthesis protocols involved in the synthesis of the nanostructured electrocatalysts significantly 

impede the prospects towards the wide-spread applications of many of these materials in the 

metal-air batteries. In the previous chapter (Chapter 3), I have highlighted the prospects of 

Cu@Pt/C and Fe2O3@Pt/C to serve as good ORR electrocatalysts compared to Pt/C. However, 

as mentioned above, these electrocatalysts possess limited localized electronic interaction with 

the carbon support and lesser intra-atomic connectivity with the separated phases (i.e. the core 

and the shell as separate phases within the structure). Hence, the structural tuning can help to 

utilize these electrocatalysts under the highly basic and potential conditions.  

In view of that, while going through the recent literatures in the relevant areas, I found 

that researchers are ambitiously focusing in a different angle by constructing Pt-based materials 

possessing definite geometrical configuration and composition in order to get better activity with 

higher utilization.14-21 Moreover, these non-zero dimensional structures make the inter-metallic 

nanocage structures less susceptible to dissolution and aggregation during the actual operating 

conditions compared to the available carbon supported catalysts.22-30 Consequently, deploying 

alloys possessing porous nanocage structures could be an elegant solution to effectively tackle 

the issues related to the activity and utilization.27-32  Recently, Yang et al33 have reported the 
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synthesis of Pt-Ni nanoframes by employing  chemical reduction of metal precursors followed 

by controlled thermal treatment. The formed Pt-Ni nanoframe structure has shown 36 and 22-

fold enhanced mass and specific activity, respectively. Similarly, recently, many more 

researchers involved on the synthesis of non-zero cage structures based on Kirkendall effect and 

galvanic displacement method, and explored such materials for the application of ORR.33-40 

Many multi-metallic nanocage structures have shown improved performance and stability in fuel 

cell applications.27-30,41-44 This property modulation is credited to the possible electronic changes, 

systematic atomic arrangement, presence of more voids and edges, higher surface-to-volume 

ratio and more accessible active sites etc.22-40 

In most of the case, the adopted synthetic protocols such as, template assisted methods 

(hard, soft, sacrificial templates), chemical reduction methods etc. are very tedious and time 

demanding.27-30,44 At the same time, the interruption and surface passivation of metal by the 

organic and/or inorganic structure directing agents make the chemistry very difficult to achieve 

the desired product with definite geometry.27-30,42-44 In parallel, during bulk synthesis, controlling 

simultaneously the growth, size and geometry of the crystal is a tricky job. Therefore, achieving 

high and consistent energy and power densities with these types of inter-metallic electrocatalysts 

is a really difficult task. Most of the nanocage structures have been prepared with low energy 

density materials (such as Co-oxide, Mn-oxide, Mg-oxide, etc.).27-30,42-43 Hence, the structural 

stability is less under actual operating conditions. Therefore, a key solution is to develop novel 

ORR electrocatalysts with high energy density materials (such as, Cu-Pt, Pd-Pt, Fe-Pt, etc) which 

could fulfill the requirement of efficient ORR activity along with higher energy output in Zn-air 

battery. Relatively, traditional batteries follow the complicated intercalation-deintercalation   

mechanism during charge-discharge process, which limits the actual achievable energy density. 

In this perspective, substitution of intercalation material (cathode electrode) with a catalytically 

active ORR and oxygen evolution reaction (OER) electrode may solve the existing energy 

density issue of the traditional storage devices.1-4 In this context, metal-air batteries (mainly, Zn-

air) can be a very good option, which can attain a very high energy density of 1100 Wh/kg, 

possibly due to the absence of intercalation mechanism. Herein, I demonstrate that utilization of 

a nanocage catalyst based on Cu and Pt (CuPt-NC) can serve as potential cathode electrode 

material for the Zn-air battery (Scheme 4.1) with enhanced activity and durability characteristics. 

Recently, Lou et al have synthesized a Cu-Pt nanocage structure, which was investigated 
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towards methanol oxidation.42 The applications of such materials so far have been mainly 

restricted to the methanol oxidation.14-16,42-43,45 However, I observed that these types of systems 

possess great potentials to tackle the sluggish electrode kinetics in metal-air batteries. Herein, I 

report how a primary Zn-air battery fabricated by using CuPt-NC structures as the cathode could 

outperform the cathode derived from the state-of-the-art Pt/C catalyst. CuPt-NC was prepared by 

the in-situ galvanic displacement reaction between Cu particles and Pt ions by solvothermal 

method.42 Here, the peculiar morphology, the 3-D electrocatalytic surface and higher surface 

active area of CuPt-NC help the system to provide high ORR activity in alkaline medium, which 

eventually could be utilized in the battery system by deploying the material as the cathode 

catalyst. In addition, from the detailed investigation, I could realized that the activity modulation 

from the present system could be realized from the structural benefits of the 3-D nanocage 

structure of the materials, which provides low density, more active centers, larger accessible 

area, better intra-molecular connectivity and amended electronic structure within the system.  

 

Scheme 4.1: Schematic representation of a primary Zn-air battery with CuPt-NC as the cathode 

electrode.   
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4.2. Experimental Section 

4.2.1. Synthesis of Nanoengineered Cu-Pt Intermetallic Nanocage (CuPt-NC) Structures 
8 wt. % of chloroplatinic acid solution was prepared in 200 mg of oleylamine, and 20 mg 

of copper acetylacetonate was dispersed in fresh 8 ml oleylamine by sonicating it in a Branson 

water bath sonicator. Subsequently, 50 mg of CTAB was added and the sonication was extended 

for further 30 min. The well dispersed solution was transferred into a 15 ml Teflon coated 

stainless steel autoclave and the mixture was subjected for heating at 180 oC for 24 h. Finally, the 

reaction mixture was centrifuged at 10,000 rpm and washed with toluene-ethanol (3:2) mixture 

and the material was dried at 60 oC in an oven. The material collected after this stage was used as 

such for further characterization. 

4.2.2. Primary Zn-air Battery Testing 

 

Figure 4.1: Representation of the cathode and anode electrodes prepared by coating CuPt-NC and Zn-

powder, respectively, on the polytetrafluoroethylene (PTFE) treated carbon paper.  

To construct the Zn-air battery, the air electrode was prepared by coating a dispersed 

solution of CuPt-NC in isopropyl alcohol onto the porous carbon paper (1cm2) to achieve 2 mg-

Pt/cm2 loading and paired with Zn powder coated porous carbon paper (anode electrode) in 6 M 
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KOH, which acts as the electrolyte. The battery testing was performed at room temperature and 

the electrolyte was continuously purged with oxygen (0.2 slpm). The system showed initial open 

circuit voltage of 1.3-1.4 V. Moreover, the voltage stability of the Zn-air battery cell was tested 

at different discharge rates viz 20, 25, 30, and 35 mA/cm2. The obtained results with CuPt-NC 

were compared with a system made by using commercially available 20 wt. % Pt/C (Figure 

4.11) at the cathode, having similar loading. Similarly, the steady-state polarization curve was 

recorded with the same set-up under the continuous purging of oxygen at 5 mV/s (Figure 

4.12b).4 The electrodes were prepared by brush coating as shown in Figure 4.1. 

4.3. Results and Discussion 

4.3.1. TEM Analysis 

 

Figure 4.2: TEM images of the CuPt-NC intermetallic nanocage structures, a) indicating well dispersion 

of CuPt-NC in solution, b) HR-TEM images of CuPt-NC; inset: SAED pattern and c-e) the hexagonal, 

cubical, and pentagonal structures of CuPt-NC with their representative model structured frameworks 

(inset), respectively.  
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Figure 4.2a displays homogeneous and well-dispersed distribution of the nanoparticles 

of CuPt-NC in solution. High resolution TEM (HR-TEM) images of CuPt-NC are given in 

Figure 4.2b and 4.2c. The structures are found to be well organized within the framework 

demarcated with distinguishing arms having clear edges and corners (shown in Figure 4.2c-4.2e 

with white two sided arrows and yellow circle). The HR-TEM images clearly indicate the 

formation of cubical, pentagonal and hexagonal structures (Figure 4.2c-4.2e) with an average 

size of ~20 nm. A close inspection of the TEM images (Figure 4.2b) reveal that these nanocages 

have an observable hollow structure (the model structures are shown in inset of Figure 4.2c-

4.2e). However, some of the particles seem to be such as hexagonal stars because of their 

peculiar orientation. Moreover, the crystallinity of CuPt-NC is confirmed through selected area 

electron diffraction (SAED) pattern (Figure 4.2b, inset). It has been documented that, this kind 

of morphology will be formed due to complex chemistry between the metal precursors and the 

used surfactant and/or the reducing agent.27-30,42-43 

4.3.2. XRD Analysis 

 

Figure 4.3: Comparative X-ray diffraction patterns of 20 wt. % Pt/C and CuPt-NC.  

Comparative X-ray diffraction pattern of CuPt-NC and Pt/C is given in Figure 4.3. The 

well-distinguished peaks at 2θ = 39.9, 46.5, and 68.8o, correspond to the (111), (200), and (220) 
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planes of the fcc crystal of Pt. Moreover, the clear difference in the diffraction peak of CuPt-NC 

compared to Pt/C validates the decrease in the d-spacing value (marked with the black colored 

dotted line in Figure 4.3).42 However, as per our knowledge and compared with the literature 

reports, it seems that the (111/200) ratio is lower in case of alloys (1.24) compared to CuPt-NC 

(2.01).42,46 The shift in the peaks certifies the lattice contraction, which is attributed to the change 

in the electronic structure as well as the geometrical nature of the Cu-Pt structure, which 

ultimately decreases the inter-atomic distance of the Pt atoms.45  

4.3.3. XPS Analysis 

The mutual interaction between Cu and Pt in the intermetallic structure and change in the 

electronic environment has also been confirmed through X-ray photoelectron spectroscopic 

(XPS) investigation (Figure 4.4). The full survey scan of CuPt-NC is given in Figure 4.4a. The 

presence of Cu, Pt, and O is marked in the figure.  

 

Figure 4.4: XPS of CuPt-NC: a) full scan survey, b) Cu2p spectra, c) Pt4f spectra and d) O1s spectra. 
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Subsequently, the deconvulated XPS of Cu is shown in Figure 4.4b, which gives two peaks at 

933.08 and 953.20 eV, which are assigned to Cu 2p3/2 and 2p1/2, respectively. Moreover, the 

characteristic satellite peaks are observed at ~942 and ~962 eV of Cu2p3/2 and 2p1/2, respectively. 

The satellite peaks also could be deconvoluted, which leads to the presence of two sub-peaks, 

which are attributed to the Cu present in the two different oxidation states.41,49-50 Moreover, XPS 

of Pt shows the presence of four peaks originated from the spin-orbit splitting of Pt4f7/2 and 4f5/2 

(Figure 4.4c). The peaks at the binding energy of ~71.6 (Pt4f7/2) and 74.9 eV (Pt4f5/2) are 

attributed to the Pto state and the peaks at 72.8 and 76.5 eV are assigned to the Pt+x state of the 

CuPt-NC structures. Whereas, in case of Pt/C, the 4f7/2 and 4f5/2 peaks are appeared at slightly 

lower binding energy, i.e., ~71.00 and ~74.10 eV (Chapter 3, Section 3.3.4, Figure 3.9). The 

relatively high intensity of Pto with respect to that of Pt+x shows that the Pt in both the catalysts is 

principally metallic in nature. Moreover, the shift in the binding energy of Pt peaks for CuPt-NC 

indicates the effective charge transfer between Cu and Pt, possibly due to the change in the 

electronic structure of Pt in case of CuPt-NC.42,47,49-50 XPS profiles of Pt 4f, C 1s, and O 1s of 20 

wt. % Pt/C are shown in Figure 3.9 (Chapter 3, Section 3.3.4). Moreover, the relative 

composition of the Cu to Pt in CuPt-NC has been calculated from the XPS data and is found to 

be 1:1.023. Subsequently, the Cu:Pt stoichiometry is found to be 3:1 in CuPt-NC. In detail, CuPt-

NC is showing 46.44, 47.52 and 6.06 wt. % of Cu, Pt and O, respectively (Figure 4.4).  

4.3.4. Concept of Nanoengineering 

The nanoengineering of CuPt-NC is mainly associated with the complicated chemistry 

involved during the synthesis. The nanoengineering stands for the in-situ structural modification 

of the pre-formed Cu-nanocube (which acts as a self-sacrificial template) in presence of the Pt-

ions. During the solvothermal reaction, initially, the Cu-nanocubes are formed, which are in 

nano-size. Later, the Pt-ions get reduced on the surface of the pre-formed Cu-nanocubes by in-

situ galvanic displacement reaction between the Cu and Pt-ions accompanied by the Kirkendall 

effect. This finally ended with Cu-Pt nanocage structures with increased number of the active 

sites and improved contact between the electrolyte and the catalyst surfaces. This ultimately 

leads to the improvement in the electrocatalytic activity. Hence, this in-situ structural (chemical) 

modification of the self-sacrificial template (Cu) in presence of Pt-ions in nano-regime has been 

termed as nanoengineering. 
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4.3.5. Concept 3-D Electrocatalytic Surface 

The formed nanocage structures possess open faceted beautiful hollow geometry with 

ordered atomic arrangement within the structure. As already shown in Figure 4.2, CuPt-NC are 

formed by interconnected arms of CuPt and arranged in to 3-D network. To get clear idea and to 

understand more easily, the model structures have also been shown in inset of Figure 4.2c-4.2e. 

It seems that the formed CuPt-NCs are hollow structures possessing open facets in all the 

directions. In addition, these open facets increase the overall active sites and provide easy 

molecular accessibility within the structure. In view of this, this open 3-D structure having facile 

molecular accessibility is termed as a 3-D electrocatalytic surface.33,42-44 

4.3.6. Electrochemical Analysis 

To investigate the electrochemical activity of CuPt-NC, we have carried out cyclic 

voltammetry (CV) and linear sweep voltammetry (LSV) in a 0.1 M KOH solution in a potential 

range of 0.1 to 1.3 V (vs. RHE) and 1.2 to 0.3 V (vs. RHE), respectively. The electrochemical 

activity of CuPt-NC has been compared with the commercial available Pt/C. Figure 4.5a and 

4.5b are showing the comparative CV of CuPt-NC and Pt/C in an N2- and O2-saturated 0.1 M 

KOH. The deviation of voltammogram in O2-atmosphere indicates ORR activity of the catalyst. 

 

Figure 4.5: Comparative CV profiles of (a) CuPt-NC, and (b) Pt/C, recorded in N2- and O2-saturated 0.1 

M KOH, using Hg/HgO as the reference electrode and Pt-foil as the counter electrode. Finally, the data 

was normalized with respect to the reversible hydrogen electrode (RHE). Conditions: scan rate: 50 mV/s, 

rotation: 900 rpm. 
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Figure 4.6: Comparative CV of CuPt-NC with 20 wt. % Pt/C recorded in N2-saturated 0.1 M KOH at 50 

mV/s. 

Moreover, the comparative CV of CuPt-NC and Pt/C is presented in Figure 4.6. The CV 

features are similar to that of the polycrystalline Pt electrode.42 In both the CVs, the hydrogen 

adsorption-desorption and oxygen reduction peak is appeared in the potential range of 0.1 to 0.4 

V, and 0.6 to 1 V (vs. RHE), respectively. Peak integral of hydrogen desorption region gives the 

charge values equal to 1.43 mC and 1.23 mC for CuPt-NC and Pt/C, respectively. The 

electrochemical active surface area (ECSA) has been calculated by using Equation 4.1.48,51 

ECSA (m2/gm-Pt) = [QH-des] / [0.21*Pt-loading)                        (4.1) 

where, QH-des is the charge associated with hydrogen desorption in mC, 0.21 mC/cm2 is a 

constant charge required to remove the monolayer of the adsorbed hydrogen layer, and Pt-

loading is 0.01 mg. The obtained ECSA and roughness factor (RF) for CuPt-NC is 68 m2/g-Pt and 

34.65, whereas the corresponding values for Pt/C are 58.57 m2/g-Pt and 29.85, respectively. The 

slight increment in ECSA for the former could be assigned to the higher number of accessible Pt 

active sites of CuPt-NC compared to Pt/C. CV result shows that CuPt-NC has positive onset 

potential shift as well as higher peak current density for oxygen reduction compared to Pt/C 

(Figure 4.6).  
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Figure 4.7: Hydrodynamic voltammograms of (a) CuPt-NC and (b) Pt/C, recorded at different rotation 

rates of the working electrode (400 to 2500 rpm) in O2-saturated 0.1 M KOH with scan rate of 10 mV/s. 

In addition, a hydrodynamic voltammogram for the ORR using RDE technique has been 

recorded by varying the rotation speed of the working electrode from 400 to 2500 rpm (Figure 

4.7a, 4.7b). Figure 4.7a and 4.7b showing the hydrodynamic voltammograms of CuPt-NC and 

Pt/C, respectively recorded at different rotation of working electrode in O2-saturated 0.1 M KOH 

with scan rate of 10 mV/s. It has been observed that the current increases with increasing the 

rotation speed of the working electrode, which clearly reveals the facile mass transport of oxygen 

to the electrode surface (details about the RDE and related equations are given in Chapter 2, 

Section 2.3.2).  

 

Figure 4.8: K-L plots of (a) CuPt-NC, and (b) Pt/C, at different potentials. 



AcSIR Chapter 4 

 

Vishal M. Dhavale  131 

 

Figure 4.9: Comparative (a) K-L plots at 0.7 V (vs. RHE), and (b) mass-corrected Tafel plots, of CuPt-

NC and Pt/C. The Tafel slopes are calculated by the linear regression method.  

Moreover, the exact mechanism of the ORR has been confirmed through the Koutecky-Levich 

(K-L) analysis and the obtained K-L plots are shown in Figure 4.8. The K-L plots show good 

linearity, which is assigned to the first order kinetics of ORR and both the catalysts follow 

similar mechanistic pathway.48 The number of electron (n) transferred during the reaction has 

been obtained from the slope of the K-L plot, which is found to be ~4 (Figure 4.9a). Moreover, 

the reciprocal of the intercept of the K-L plot provides the kinetic current (Figure 4.9a). It has 

been observed that CuPt-NC (1.49 x 10-3 mA) has shown one order improved kinetic current 

than that of Pt/C (6.34 x 10-4 mA), which highlights the structural benefit of the nanocage over 

spherical particles towards ORR.  

Further insight on the mechanism of ORR and quality of the electrocatalyst can be 

obtained from Tafel analysis and mass and specific activity comparisons. In view of this, 

comparative mass transport corrected Tafel plots, which is a graph of E vs. log |jk|), are given in 

Figure 4.9b. The currents were corrected for mass-diffusion to give kinetic current (jk) in the 

mixed activation-diffusion region, which could be evaluated from Equation 4.2.47,52-53 

jk = (j * jL) / (jL– j)                                   (4.2) 

where, ‘jL//(jL-j)’is the mass transfer correction factor. Importantly, Equation 4.2 can be used for 

mass-correction when the reaction kinetic is of first order. The calculated Tafel slopes of Pt/C 

and CuPt-NC are found to be ~77.4 and ~69.94 mV/decade, respectively. It should be noted that, 
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the Tafel slope provides the indication of the actual mechanism takes place on the electrode 

surface and is related to the state of the adsorbed oxygen species and its coverage variation with 

respect to the potential. The lower Tafel slope obtained in the case of CuPt-NC stands out an 

important indicator of its improved performance, which originates from the facile oxygen 

adsorption and the subsequent reduction processes on the nanocage surface.47 

 

Figure 4.10: Mass activity and specific activity at 0.9 V (vs. RHE) for Pt/C and CuPt-NC. At 0.9 V (vs. 

RHE), CuPt-NC is 2.9 fold more active on the basis of equivalent Pt mass compared to Pt/C. 

Furthermore, CuPt-NC exhibited a 2.5 fold improved specific ORR activity (at 0.9 V (vs. RHE)) 

compared to Pt/C.  

Furthermore, to understand the quality of the electrocatalyst, we have calculated the mass 

and specific activity of the Pt/C and CuPt-NC at 0.9 V (vs. RHE) as shown in Figure 4.10.The 

mass-corrected jk value has been divided with the Pt-concentration (0.01 mg) in the coated 

sample to get the mass activity of Pt/C and CuPt-NC. Moreover, the specific activity of Pt/C and 

CuPt-NC has been derived by dividing the mass corrected jk (at 0.9 V (vs. RHE) value with the 

ECSA. The obtained ECSA values for CuPt-NC and Pt/C are found to be 6.8095 cm2 (68 m2/g-Pt) 

and 5.857 cm2 (58 m2/g-Pt), respectively.  Moreover, CuPt-NC displays a mass activity of 0.32 

A/mg-Pt, which is 2.9 fold higher than that of the Pt/C catalyst (0.1101 A/mg-Pt), at 0.9 V (vs. 

RHE). Interestingly, this improvement could be due to the variation in active centered sites and 

difference in ECSA. Moreover, CuPt-NC displayed the specific activity (calculated at 0.9 V (vs. 



AcSIR Chapter 4 

 

Vishal M. Dhavale  133 

RHE)) of 0.47 mA/cm2, which is 2.5 fold better than the Pt/C (0.19 mA/cm2) (Figure 4.10). This 

improved mass activity and specific activity of CuPt-NC over Pt/C is mainly credited to the well-

defined atomic arrangement, overall structural integrity and higher number active centers of the 

open faceted nanocage framework. 

 

Figure 4.11: Comparative LSVs before and after the 1000 cycles of (a) CuPt-NC and (b) Pt/C,  recorded 

at 1600 rpm in O2-satuared 0.1 M KOH. The half wave potential shift was observed to be 30 and 78 mV 

for CuPt-NC and Pt/C, respectively.  

To fulfill the desire for the effective utilization of CuPt-NC in a realistic application, the 

stability under electrochemical environment is an obligatory requirement. Therefore, ADT 

(accelerated durability test) has been performed by potential cycling (1000 cycles) in a potential 

window of 0.5 to 1.3 V (vs. RHE), with a voltage scan rate of 50 mV/s in oxygen saturated 0.1 M 

KOH solution, at room temperature. LSV has been recorded before and after ADT to investigate 

the performance degradation. Figure 4.11a and 4.11b show the comparative LSVs of CuPt-NC 

and Pt/C, before and after ADT, respectively. After 1000 cycles, the half-wave potential (E1/2) is 

decreased by 30 and 78 mV for CuPt-NC and Pt/C, respectively (Figure 4.11a, 4.11b, Table 

4.1). Also, the limiting current is found to be better for CuPt-NC compared to that of Pt/C 

(Figure 4.11a, 4.11b, Table 4.1). Moreover, CuPt-NC (onset potential is 0.95 V) has shown 50 

mV of positive onset potential shift as compared to Pt/C (onset potential is 0.90 V) (Figure 

4.11a, 4.11b, Table 4.1).  



AcSIR Chapter 4 

 

Vishal M. Dhavale  134 

The difference in E1/2 between the CuPt-NC and Pt/C systems is found to be 40 and 80 

mV before and after ADT (Table 4.1). The observed higher limiting current for CuPt-NC 

compared to that of Pt/C could be attributed to the improved diffusion of oxygen and, 

subsequently, to its better interaction with the active sites located in CuPt-NC. Furthermore, both 

the catalysts follow the direct reduction mechanism of ORR involving the 4-electron transfer, 

which produces OH- (Figure 4.8 and 4.9a). The better productivity of CuPt-NC is mainly 

attributed to its structure, which ultimately provides higher number of the catalytically active 

sites, easily accessible space and synergetic effect of Cu and Pt, etc. The sites are more favorable 

for the dissociative adsorption of oxygen during ORR in alkaline medium. Furthermore, to 

understand the exact cause behind the decrease in the limiting current and change in the half 

wave potential value, we have done the comparative compositional analysis of CuPt/NC by XPS 

study,49-50 before and after the ADT test. CuPt-NC has shown 46.44, 47.52 and 6.06 wt. % of Cu, 

Pt and O, respectively, (Figure 4.4) before ADT. After ADT, the wt. % corresponding to Cu, Pt 

and O are found to be 46.14, 47.22 and 6.64, respectively (Figure 4.12).  

 

Figure 4.12: XPS of CuPt-NC after 1000 cycle of ADT; a) Cu2p, b) Pt4f and c) O1s. 
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A close analysis of the XPS data reveals that the relative composition of the metals (i.e. Cu:Pt) is 

nearly same (1:1.023) and the stoichiometric ratio is also found to be the same (Cu:Pt is 3:1) 

before and after ADT. However, more interestingly, the O wt. % is found to be slightly increased 

from 6.06 to 6.64 wt. %. This indicates higher oxidation of the surface metal atoms during ADT 

without affecting their relative metal composition (Cu:Pt =1:1.023) and stoichiometry (Cu3Pt). In 

other words, the obtained results stand out as a proof for the structural integrity of the 

intermetallic hollow CuPt-NC structure. The increased oxygen wt. % at the surface might be a 

reason for the decrease in the half-wave potential and limiting current of CuPt-NC after the 1000 

cycles of ADT because the increased O wt. % might be due to the higher oxidation of the active 

metal centers. On the other hand, in case of Pt/C, the main reason for the decrease in the limiting 

current is attributed to the higher oxidation of the carbon support under the potential cycling in a 

window of 0.5 to 1.3 V (vs. RHE). The oxidation of the support may leave naked Pt-

nanoparticles, which results into aggregation of the particles, leading to a decrease in the surface-

to-volume ratio and thereby the overall activity. Hence, the aggregation of Pt-particles in case of 

Pt/C and higher oxidation of active metal centers in case of CuPt-NC could be the reasons for the 

decrease in the limiting current. 

4.3.7. Primary Zn-Air Battery Analysis 

The superior ORR activity of CuPt-NC as evident from the RDE study, however, is not 

sufficient to conclude that the system can ensure an enhanced performance in practical Zn-air 

battery, because the concentration of the dissolved oxygen will be different in an electrolyte used 

for the LSV investigation (0.1M KOH) and the electrolyte used in the battery testing (6 M 

KOH). Along with this, the overall performance will also be decided by the formation of the 

effective triple-phase boundary, which could be effectively tackled in case of nanocage structure. 

Hence, it is necessary to analyze the material at similar electrolyte condition which is favorable 

for the Zn-air battery.  



AcSIR Chapter 4 

 

Vishal M. Dhavale  136 

 

Figure 4.13: Discharge test of the primary Zn-air battery performed with different discharge current 

densities (20 to 35 mA/cm2) using cathode as (a), CuPt-NC coated carbon paper (2 mg-Pt/cm2) and (b) 20 

wt % commercially available Pt/C coated carbon paper (2 mg-Pt/cm2). Conditions: anode = Zn powder 

coated carbon paper; electrolyte = 6 M KOH; active area = 1 cm2. 

The fabricated Zn-air battery is composed of CuPt-NC as the air electrode material 

(cathode) and Zn-powder as the anode material and 6 M KOH as the electrolyte (Scheme 4.1 

and Figure 4.1). Instead of using Ni-foil or any other kind of oxygen evolution (OER) materials, 

we coated CuPt-NC catalyst on a polytetrafluoroethylene (PTFE) treated carbon paper (active 

area = 1 cm2), which avoids additional intrinsic electrochemical activity interference within the 

system. In principle, Zn undergoes oxidation at the anode and oxygen gets reduced at the 

cathode. Here, we have compared the performance of the CuPt-NC coated electrodes for ORR in 

the primary Zn-air battery with the commercially available Pt/C. The cathode Pt-loading was 

kept as 2 mg/cm2 in both the systems. The detailed electrode fabrication is given in the 

experimental section. The Zn-powder and CuPt-NC coated carbon papers were dipped in 6 M 

KOH solution and oxygen was purged at the cathode side. The separately fabricated Zn-air 

battery set-ups with CuPt-NC and Pt/C as the air electrodes have shown an open circuit potential 

of ~1.4 and ~1.3 V (Figure 4.13), respectively.  
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Figure 4.14: (a) Comparative specific capacity vs. potential plot of CuPt-NC and 20 wt. % Pt/C at a 

discharge current density of 20 mA/cm2.  The plots in Figure 4.14a are made from the data of Figure 

4.13, by normalizing the values with the amount of the Zn consumed (~0.5 g-Zn) and(b) comparative 

steady-state polarization curves (I-V) and corresponding power density plots of the battery fabricated by 

using CuPt-NC and Pt/C as the cathode catalysts. Conditions: anode: Zn-powder coated carbon paper; 

cathode: Pt/C or CuPt-NC coated carbon paper (2 mg-Pt/cm2); electrolyte: 6 M KOH; active area: 1 cm2.   

The improved open circuit potential in the case of the system having CuPt-NC as the cathode 

electrode is attributed to the higher number of the active center and ECSA possessed by CuPt-

NC, which has already been confirmed through the cyclic voltammetric investigation. The 

comparative steady-state polarization curves of CuPt-NC and Pt/C as cathode electrode are 

shown in Figure 4.14b. CuPt-NC based device shows a current density of 253.8 mA/cm2, 

whereas, the one based on Pt/C gives a current density of 188.8 mA/cm2 at a voltage of 1 V 

(Figure 4.14b). Moreover, the peak power density is found to be 1.3 fold higher for CuPt-NC as 

air-electrode compared to Pt/C (Figure 4.14b). The improved current density at 1 V and peak 

power density of set-up fabricated with CuPt-NC as the air electrode compared to Pt/C. In 

addition, to investigate the robustness of the primary Zn-air batteries made with CuPt-NC over 

Pt/C, the system was subjected to galvanostatic discharge and the polarization curve was 

recorded at different discharge current rates ranging from 20 to 35 mA/cm2. No abrupt potential 

drop is observed for long time, showing absence of any catastrophic failure of the integrated 

assembly with CuPt-NC as the cathode electrode (Figure 4.13a). The higher discharge stability 

obtained for CuPt-NC (~14 h, Figure 4.13a) compared to Pt/C (~12 h, Figure 4.13b), at a 
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discharge rate of 20 mA/cm2, is attributed to the higher ORR activity of CuPt-NC in the battery 

and its inherent structural integrity. As the galvanostatic discharge continues, the Zn undergoes 

oxidation, becoming thinner and thinner. Ultimately, the electrolyte gets accumulated with more 

and more Zn-salts and battery eventually stops functioning once the whole Zn-metal is consumed 

(Figure 4.13). Besides, the specific capacity is found to be better for CuPt-NC compared to Pt/C 

(Figure 4.14a, discharge rate is 20 mA/cm2). The specific capacity calculated by normalizing 

current with the mass of the consumed Zn5 (~0.5 g) is 560 and 480 mAh/g-Zn for CuPt-NC and 

Pt/C, respectively. Correspondingly, CuPt-NC has shown high energy density of 728 Wh/kg-Zn 

compared to Pt/C (624 Wh/kg-Zn). The superior activity for CuPt-NC is mainly credited of its 

peculiar structure, which helps the system to effectively maintain active center density and easily 

accessible space along with the electronic modulations affected in the system which facilitates 

effective dissociation of oxygen. Therefore, the obtained system could be developed with many 

more different metals and could be utilized for many more electrochemical applications such as 

metal-air battery, fuel cells, etc. 

Table 4.1: A summary of the electrochemical analysis. 

Sample 
Name 

 Before ADT  After ADT % Decrease 
in Limiting 

Current 
Density 

ΔE1/2 
(V) 

Ik @ 0.7 V 
(mA) 

 Onset 
Potential 

(V) 

E1/2 
(V) 

Limiting 
Current 
Density 

(mA/cm2) 

Onset 
Potential 

(V) 

E1/2 
(V) 

Limiting 
Current 
Density 

(mA/cm2) 

   

Pt/C 
 

CuPt-NC 

0.90 
 

0.95 

0.806 
 

0.846 

5.75 
 

6.25 

0.9 
 

0.95 

0.728 
 

0.816 

5.0 
 

6.0 

13% 
 

4% 

0.078 
 

0.030 

6.34 x 10-4 
 

1.49 x 10-3 

 

4.4. Conclusion  

CuPt-NC intermetallic nanocage structures are synthesized by simple solvothermal 

method via an in-situ galvanic displacement reaction between Cu and Pt and its enhanced oxygen 

reduction activity and stability compared to Pt/C in alkaline solution could be explored. 

Interestingly, CuPt-NC has shown 2.9 fold improved mass activity and 2.5 fold improved 

specific ORR activity (at 0.9 V (vs. RHE)) than Pt/C. Utilization of CuPt-NC (250 mW/cm2, 

253.8 mA/cm2 at 1V) as the air cathode in primary Zn-air battery delivered 1.30 and 1.34 fold 
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improved power density and current density at 1V, compared to the state-of-the-art Pt/C (190 

mW/cm2, 188.8 mA/cm2 at 1V) catalyst. Moreover, in primary Zn-air battery testing, CuPt-NC 

led to a higher specific capacity and energy density (560 mAh/g-Zn, 728 Wh/kg-Zn, at a discharge 

rate of 20 mA/cm2), which is superior compared to the performance of the system possessing 

Pt/C as the cathode (480 mAh/g-Zn, 624 Wh/Kg-Zn, at a discharge rate of 20 mA/cm2). In 

particular, CuPt-NC, with its high density of surface defects, potentially offers more active site 

density for facilitating efficient dissociative adsorption of oxygen, resulting into improved ORR 

activity. The synergetic interaction between Pt and Cu also plays a favorable role for the efficient 

adsorption and bond polarization of oxygen.  The primary Zn-air batteries prepared with CuPt-

NC electrocatalyst are found to be very robust, which indicates the survivability of the system 

under the electrochemical environment.  
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 Simple water-in-oil (W/O) emulsion 
method developed for the synthesis of a core-
shell structured Pt-free electrocatalyst is 
explained in this chapter. The core-shell 
nanoparticles prepared here possess nitrogen 
doped graphene (NGr) as the shell and Au 
nanoparticles as the core (Au@NGr).The key 
aspects of the process involve milder 
experimental conditions and very easy 
workups. The process guarantees distinct 
core-shell features of the formed 
nanoparticles. The growth of the core-shell 
structure is facilitated by the mutually assisted 
redox reaction happening within the emulsion 
droplet, which acts as a “nanoreactor”. A 
detailed discussion on the possible interactions that could be existing between the Au 
nanoparticle and the covered carboneous shell around it and the role of such interactions to 
modulate the properties of the shell to favourably influence its oxygen reduction activity is 
included in this chapter. The chapter also includes a detailed discussion on the material 
characterization, which clearly unravels the structural and basic property characteristics of the 
materials. Finally, the chapter narrates the interesting oxygen reduction activity acquired by the 
system. 

 

_________________________________________________________________________ 

*The content of this chapter has been published in “J. Mater. Chem. A. 2014, 2, 1383-1390”  
- Reproduced by permission of The Royal Society of Chemistry  
http://pubs.rsc.org/en/Content/ArticleLanding/2014/TA/c3ta14005a#!divAbstract 

Chapter 5 
Synthesis of Pt-free Core-Shell 

Electrocatalyst for Oxygen Reduction 
Reaction via Simple Water-in-Oil Emulsion 

Method* 
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5.1. Introduction 

 Various low-Pt materials have been extensively investigated as cost-effective oxygen 

reduction electrocatalysts for polymer PEMFCs.[1-2]The last two chapters (Chapter-3 and 4) 

illustrate the structural and activity characteristics of low-Pt based core-shell (Cu@Pt and 

Fe2O3@Pt) and3-D hollow (CuPt-NC) structured electrocatalysts for ORR. Despite the excellent 

research progress in this direction, the ultimate target obviously is to make the electrode 

completely free from Pt. Recently, a number of studies have been focused on developing Pt-free 

electrocatalysts, and this area has become a hot research topic in the field of fuel cells.[3-5] 

Among these, heteroatom (N, P, B and S) doped electrocatalysts have generated a great deal of 

research interest.[6-8] Their capability for the ORR originates from the doped heteroatom in a 

graphitic network, which makes it non-electron-neutral and thus favours the molecular oxygen 

adsorption and eventually the reduction. Nevertheless, here, control of the activity and selectivity 

of the sites towards the desired ORR pathway involving four-electron (4e-) transfer is a daunting 

task. The doping increases the disorderness in the catalyst with a concomitant increase in the 

number of the active sites for ORR.[6-9]The induced disorderness and more active sites are mainly 

attributed to the change in spin density and charge distribution of carbon atoms, thanks to the 

presence of heteroatom at next-door to it.[10-11]However, due to the dislocations, the overall 

electronic conductivity of the catalyst will get altered due to opening of band gap between the 

conduction and valence bands.[6-9]Moreover, the nitrogen doping in graphene frameworks shifts 

the Fermi level above the Dirac point,[12-13] and density of state near the Fermi level  gets 

suppressed.[14-16]Apart from this, the synthesis method also alters the overall conductivity of the 

N-doped systems. Gong et al. observed that the conductance of graphene annealed in ammonia 

atmosphere was lower than that of pristine graphene due to the N-doping in a graphene 

framework, whereas the N-doping in a nitrogen atmosphere apparently did not alter the 

electronic properties of graphene.[15]Thus, the material accommodates the heteroatom with some 

compensation on its inherent electronic conductivity even though the mode of preparation plays 

a crucial role.[15-16]In addition, Anderson et al. investigated the oxygen reduction study on 

graphene, N-doped graphene and non-noble metal (like cobalt) based graphene systems[17-18] 

using DFT method. The authors found that the electroreduction of oxygen mainly leads to the 

formation of H2O2 by following the undesirable two electron pathway. 
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In parallel, Henkelman et al.[19]reported that the difference in the Fermi energy of core 

and shell entities decides the direction of charge redistribution. Generally, the charge gets 

transferred from the higher to lower Fermi energy.[19]Moreover, along with the charge 

redistribution, the adsorption and desorption rates of chemical species decide the activity of a 

catalyst. According to the Bronsted-Evans-Polanyi relationship, the energy barrier of reactions is 

linearly associated to the reaction energy.[20-21]In general, a chemical species like oxygen binds 

very strongly with non-noble metals (like Cu, Fe, Co, etc), with no barrier for dissociative 

adsorption. On the other hand, noble metals like Pt, Au, etc. bind oxygen weakly and have high 

barrier for dissociative adsorption.[9, 22-23]However, in the designing of the kinetic model of the 

surface chemistry by putting together the relationship between the product binding energy and 

energy barrier, a maxima in catalytic activity is found at an optimal compromise between the 

weak product binding energy and reaction barrier.[24-25]Also, Schmickler et al. investigated the 

importance of gold in alkaline fuel cells with supported evidences from energy calculations.[23] 

In this context, gathering the intrinsic properties of gold and N-doped graphene in a 

single nanostructure system will be helpful to understand the effect of property modulations in 

influencing the parameters such as ohmic overpotential, electrical conductivity and oxygen 

reduction kinetics. Taking the advantage of the difference in the conductivity, electronegativity 

and Fermi energy of  Au compared to carbon, herein, I tried to synthesis a Pt-free electrocatalyst, 

which can show nearly comparable activity to the 20 wt.% commercial Pt/C, without sacrificing 

the overall conductivity of the metal-graphene nanostructures. This is achieved by encapsulating 

nitrogen-doped graphene (NGr) on gold (Au) nanoparticle (hereinafter called Au@NGr) all the 

while keeping the Au concentration very low. Here, the role of the NGr shell is to reduce 

oxygen, while the Au core modulates the electronic conductivity[26] and the electrocatalytic 

activity of the NGr shell by triggering synergetic electronic interactions. The study leads to 

conclusive evidence on the highly influential role played by the core metal species in shifting the 

ORR kinetics of NGr towards the favourable four-electron (4e-) pathway. This leads to a reduced 

content of hydrogen peroxide (H2O2) in alkaline environment apart from its contribution in 

enhancing the electrical conductivity. Therefore, over the low-Pt based electrocatalysts described 

in Chapter 3 and 4, the Pt-free Au@NGr could somewhat help to reduce the electrode cost in 

fuel cells as the Au concentration in the present case is significantly low. 
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5.2. Experimental Section 

5.2.1. Synthesis of Gold@Nitrogen Doped Graphene (Au@NGr) Electrocatalyst 

Gold@nitrogen-doped graphene (Au@NGr) core-shell nanostructures were synthesized 

by simple W/O emulsion technique without using any external reducing and capping agents in a 

size controlled manner (Scheme 5.1). Briefly, 4 mg of the as-synthesized NGr was mixed with 2 

ml of aqueous solution of 100 mMHAuCl4 and the mixture was sonicated for 30 min using a bath 

sonicator to form a homogenous solution. The dispersed solution was added drop-wise in 

previously taken fresh silicon oil (25 ml), under a strong magnetic stirring. Furthermore, the 

reaction mixture was maintained for 5 h under stirring at 750 rpm at room temperature to get a 

uniform distribution of emulsion droplets. At this stage, the color of the reaction mixture was 

turned from transparent to reddish, which is attributed to the formation of Au@NGr core-shell 

nanostructures.  

 

Scheme 5.1: Schematic representation of the synthesis of Au@NGr core-shell nanoparticle by the micro-

emulsion technique. 
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Further, the W/O emulsion was transferred into a Petri dish, and was kept in an oven at 80 oC for 

80 h. During this process, water in the emulsion droplets gets evaporated and crystallization of 

the solid components in the emulsion droplets occurs simultaneously. Finally, the formed 

Au@NGr core-shell nanostructures were centrifuged at 10000 rpm for 15 min and the mixture 

was washed with excess hexane to obtain oil-free Au@NGr core-shell nanostructures.  

5.2.2 Synthesis of Gold@Graphene (Au@Gr) Electrocatalyst 

In a similar way, gold@graphene (Au@Gr) sample was also prepared by using graphene 

(Gr), instead of NGr, in the abovementioned method (detailed synthesis procedures adopted for 

preparing GO, Gr, NGr, Au nanoparticles, and Au@Gr are given in Chapter 2, Section 2.1.6-

2.1.10, respectively). 

5.2.3. Calculation of Uncompensated Resistance for iR Compensation Study 

a) Positive Feedback method

The uncompensated resistance value has been calculated by positive feedback method, as 

described in the literature.[

: 

27] 

The automatic compensation of resistance has been done on Bio-Logic instrument, by 

determining the resistance value using positive feedback method. Basically, at any potential, 

where no Faradaic reaction is happening, the Faradaic impedance is very large and can be taken 

as approximately an open circuit. By applying very small amount potential, where no Faradaic 

process takes place, the instantaneous change in the potential will takes place, and consequently 

the current drops to zero. Finally, the current value at time (t) equal to zero has been calculated 

by extrapolation, and used it to find the uncompensated resistance (iRu).  In between the 

reference and working electrode, the resistance (Ru) in series with capacitance (Cd) will be 

appeared. Therefore, in order to eliminate the Cd term, the feedback method is useful to get the 

resistance- free data. Here, the application of a small potential step (50 mV) across the reference 

and working electrode is given, where no Faradaic reaction occurs and hence the only current 

that flows in this region is charging current with an exponential decay. Finally the linear 

regression is performed at low time scale, as shown in Figure 5.1a. The current response should 

be  
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𝑖𝑖(𝑡𝑡) = (𝛥𝛥𝛥𝛥 𝑅𝑅𝑢𝑢⁄ ) exp(−𝑡𝑡/𝑅𝑅𝑢𝑢𝐶𝐶𝑑𝑑)                                               (5.1) 

The current at t = 0 can be interpreted as in Equation 5.1, where the exponential term of 

Equation 5.1 (i.e. -t/RuCd), becomes equal to unity and capacitance will disappear. Finally 

Equation 5.1 changes to, 

𝑖𝑖 (0) = �
𝛥𝛥𝛥𝛥
𝑅𝑅𝑢𝑢
�                                                                                  (5.2) 

where, ∆E is known (50 mV) and Ru can be extracted after extrapolation at t = 0.  

The plot of current (i) vs. time (t), extrapolation of graph at t = 0, gives the value of ∆E/ 

Ru.  

b) 

Calculation:  

 ∆E/Ru = 0.85 mA 

         Ru = ∆E/0.85 mA 

 = 50 mV / 0.85 mA 

         Ru= 58.82 Ω 

Impedance spectroscopy

The uncompensated resistance value could also be calculated by impedance analysis. The 

dispersed sample is coated on the glassy carbon electrode surface, and was used as the working 

electrode. Moreover, the impedance spectra wasrecorded in a three-electrode system by using 

Hg/HgO as the reference electrode and platinum foil as the counter electrode in 0.1 M KOH. The 

plot is shown in Figure 5.1b. The X-axis intercept gives the value of resistance (58.2 Ohms), 

which was used for the automatic iR compensation study during RDE. The obtained resistance 

value is matching with the obtained resistance value by the positive feedback method. 

: 
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Figure 5.1: Determination of the uncompensated resistance value by a) positive feedback method and b) 

impedance spectroscopy. 

5.3. Results and Discussion 

5.3.1. Concept of Nanoreactor and Mechanism of Formation of Core-Shell Structures 

  During the synthesis of Au@NGr core-shell structured electrocatalyst by using 

W/O emulsion technique, numbers of water droplets were formed. These water droplets 

contain water dispersed Gr/NGr and Au+x ions. These emulsion droplets will act as 

“nanoreactors”, where the actual reaction takes place (Scheme 5.1). During the time 

bound heating process, water starts evaporating, and simultaneously, the metal ion and 

NGr undergo mutually assisted redox reaction,[28-32] leading to the formation of Au@NGr 

core-shell nanostructures. Importantly, during the reaction, the Gr gets distributed at the 

water-oil interface due to the larger surface area and flexible properties of Gr.[28-32] 

Mainly, three kinds of energies viz., surface energy (Es) created by bending of Gr layers, 

Vander Waals forces (Ev) between the Gr sheets, and gravitational potential energy (Eg) 

of metal nanoparticles will decide the final structure of the metal-Gr nanostructures.[28-32] 

However, for the formation of the core-shell structures, Ev is expected to dominate over 

Es and Eg.[28-32] 
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5.3.2. TEM Analysis 

Figure 5.2a and 5.2e show the TEM images of the well dispersed Au@Gr and 

Au@NGr core-shell nanostructures, respectively. The inset shows the magnified views of 

the selected particles, displaying the core-shell features with an average particle size of 

~10 nm. The HR-TEM images of Au@Gr and Au@NGr are given in Figure 5.2b and 

5.2f, respectively. The d-spacing values of the core and shell have been calculated from 

the lattice fringes profiling (Figure 5.2c and 5.2g), which gives ~0.26 nm for the core for 

both Au@Gr and Au@NGr, which is attributed to Au.  In the case of the shell, the d-

values for Au@Gr and Au@NGr are ~0.33 and ~0.36 nm (Figure 5.2c and 5.2g), 

respectively, which clearly indicate the coverage of the Au core in the corresponding 

samples by Gr and NGr. It has been reported that N-doping leads to an increase in the d-

value due to incorporation of N-atoms in the graphene framework, which leads to the 

lattice expansion.[9] Insets of Figure 5.2b and 5.2f show the selected area electron 

diffraction (SAED) patterns of Au@Gr and Au@NGr, respectively. 

 
Figure 5.2: TEM images of a) Au@Gr and e) Au@NGr nanoparticles and the inset gives the 

magnified image of the selected area highlighting the core-shell structure of the particles, HR-

TEM images of b) Au@Gr and f) Au@NGr core-shell structure with lattice fringes (inset: SAED 

pattern), c and d) represent the lattice fringe profile of Au (core) and Gr (shell), respectively, 

indicating the core is Au and shell is Gr, g and h) represent the lattice fringe profile of Au (core) 

and NGr (shell), respectively, indicating the core is Au and shell is NGr. 
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5.3.3. XRD Analysis 

 

Figure 5.3:Comparative full range XRD of Au nanoparticles, Gr, NGr, Au@Gr and Au@NGr core-shell 

nanoparticles. The G (002) peak showing a shift in the peak position after N-incorporation in the 

graphene framework.  

Figure 5.3 shows the comparative X-ray diffraction (XRD) of Gr, NGr, Au, Au@Gr and 

Au@NGr. In all the cases except Au, a strong reflection at 2θ = ~26.5o ± 0.3o is observed which 

is attributed to the G (002) graphitic plane. In case of NGr and Au@NGr, the same peak is 

shifted to lower 2θ values (~25o) with broadening, indicating the incorporation of nitrogen atom 

in the graphene framework (Figure 5.3). Compared to NGr, the shift in the peak position in the 

case of Au@NGr is more and a similar trend, even though less pronounced, is also observed 

between Gr and Au@Gr. These shifts are attributed to the interaction of Au with the Gr shell, 

which is in well agreement with the calculated d-spacing values from TEM.   

5.3.4. Raman Analysis 

Raman spectroscopy serves as a powerful and non-destructive tool for the 

characterization of carbon based materials. A typical Raman spectrum of Gr shows a peak at 

1345 cm-1 (D band), which corresponds to the breathing mode of K-point photons of A1g 

symmetry allied with vibrations of the sp3 carbon atoms.  
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Figure 5.4: Comparative Raman spectra of Gr, NGr, Au@Gr, and Au@NGr with their corresponding 

ID/IG ratios. 

Furthermore, a peak at 1590 cm-1 (G band)has also been identified, which is attributed to the in-

plane vibration of the sp2 carbon atoms in the hexagonal lattice (Figure 5.4).[33-34]Explicitly, the 

first-order Raman scattering processes are responsible for the G-band, whereas the double-

resonance process and second order scattering results into the 2D and D bands.[9] Usually, the 

intensity ratio of D to G (ID/IG) is used to compare the structural order between the crystalline 

and amorphous graphitic systems. In the present case, the ID/IG ratios of the prepared samples 

follow the order: Gr (0.70) >NGr (0.65) >Au@Gr (0.64) >Au@NGr (0.62).The slight decrease 

in the ID/IG ratio from Gr to NGr is due to the incorporation of nitrogen in the Gr framework at 

900 oC, where the oxygen functionalities of Gr might have reduced. Furthermore, the ID/IG ratio 

is still decreased when the Gr deposition occurs over Au and this is attributed to the expected 

interpenetration of the lattice fringes of the component phases.[9, 35] Additionally, the 2D bands of 

Gr in Au@Gr and Au@NGr are clearly shifted to a higher wave number, due to the interaction 

of Au with Gr/NGr, leading to the electron transfer from the core to the shell.[9, 35] 
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5.3.5. XPS Analysis 

 

Figure 5.5:a & b) N1s spectra of NGr and Au@NGr, respectively; c & d)Au4f deconvulated XPS 

of Au@Gr and Au@NGr, respectively. 

An understanding on the electronic interactions in the materials has been obtained by X-

ray photoelectron spectroscopy (XPS). Figure 5.5a and 5.5b show the deconvulated N1s spectra 

of NGr and Au@NGr, which reveal the presence of four types of nitrogen namely pyridinic-N, 

pyrrolic-N, graphitic-N and N-oxide, with a total N content of ~3.5 %. Basically, the nitrogen 

which possesses a lone pair of electrons is known to enhance the electron-donor property of the 

catalyst.[9, 35]As a result, it can weaken the O-O bond via the bonding between oxygen and 

nitrogen and/or the adjacent carbon atom, and in turn can facilitate the reduction of oxygen.[9-10, 

36-39] 
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Figure 5.6:DeconvulatedC1s XPS of Gr (a), NGr (b), Au@Gr (c), and Au@NGr (d).  

Figure 5.5c and 5.5d show the Au4f spectra of Au@Gr and Au@NGr. The higher shift in the 

binding energy of the Au4f peaks is attributed to the interaction of Au with the Gr/NGr shell. 

The interaction of the metal with carbon is still a matter of debate. Nevertheless, as reported, the 

delocalized p-orbital electrons (π electrons) of carbon overlap with the d-orbital of Au, indicating 

the partial covalent bonding characteristics.[35] This could be due to the d-orbital electron of the 

metal is shared with a π* anti-bonding orbital of the carbon. Figure 5.6 shows the C1s spectra of 

Gr, NGr, Au@Gr and Au@NGr, which have been deconvoluted as per their spin-orbit splitting. 

The C1s spectra (Figure 5.6c and 5.6d) of Au@Gr and Au@NGr, respectively show higher 

shifts in the binding energy compared to the C1s spectra of Gr (Figure 5.6a) and NGr ((Figure 

5.6b), which is credited to the interaction of Au with the surface layer of Gr/NGr.  

5.3.6. Electrical Conductivity Analysis 

The change in the electronic configuration and interaction of Au with the Gr/NGr shell is 

reflected in the electrical conductivity as well (Figure 5.7). The measured conductivity follows 



AcSIR Chapter 5 

 

Vishal M. Dhavale 155 

the order: Au@NGr (9.41 S/cm) >Au@Gr (6.03 S/cm) > Au (2.09 S/cm) >NGr (1.48 S/cm) >Gr 

(0.50 S/cm). The enhancement in the conductivity of Au@NGr and Au@Gr originates from the 

Au core and its interaction (dπ-pπ back bonding) with the surface carbon, which improves the 

interfacial charge transfer.[9, 35] The shift in Raman spectra (Section 5.3.4, Figure 5.4), as 

explained before, substantiates this kind of interfacial charge transfer from the Au core to the Gr 

shell. Moreover, the electronegativity of C (2.55) is slightly higher than Au (2.54), which is a 

determining factor in deciding the direction of the charge transfer. The detailed procedure of the 

electrical conductivity measurement is given in Chapter 2, Section 2.2.6. 

 

Figure 5.7: Comparative electrical conductivity of the Au nanoparticles, Gr, NGr, Au@Gr, and 

Au@NGr. 

5.3.7. Electrochemical Study 

  The enhancement in the conductivity and lattice modulation of the Gr/NGr layer 

are also expected to bring in favourable changes in the ORR activity of the system. A 

preliminary screening of the electrocatalytic activity of all the samples towards ORR in 

alkaline media was carried out by cyclic voltammetry (CV). More specifically, nitrogen 

and oxygen saturated 0.1 M KOH aqueous solution was used as the electrolyte and 

current-voltage curves were recorded at a typical scan rate of 50 mV/s (Figure 5.8). 
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Figure 5.8: Comparative cyclic voltammograms taken in N2-saturated 0.1 M KOH electrolyte with a scan 

rate of 50 mV/s, after 70% iR compensation. 

 

Figure 5.9: a-f)70% iR compensated hydrodynamic voltammograms of the different prepared samples 

monitored for ORR. a’-f’) current-voltage profile of  the as prepared samples by monitoring the reaction 

occurring at a Pt ring electrode, held at 0.6 V (vs. Hg/HgO) during potential scan with varying rotation 

speeds of RRDE. Conditions: Scan rate: 10 mV/s; rotation speeds: 400, 900, 1200, 1600, and 2000 rpm; 

electrolyte: O2-saturated 0.1 M KOH. 
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A catalyst loading of 20 µg on a glassy carbon disk electrode was maintained in all the 

cases. Accordingly, Figure 5.8 shows the comparative CV profiles of Gr, NGr, Au, 

Au@Gr, and Au@NGr taken in an N2-saturated 0.1 M KOH. Furthermore, the capacitive 

nature of Au@Gr and Au@NGr as compared to the Au nanoparticles indicates that Au is 

encapsulated by Gr/NGr (Figure 5.8). Moreover, the gold-oxide peak at ~0.1 V (vs. 

Hg/HgO) is totally absent in the case of Au@Gr and Au@NGr, which also confirms the 

coverage of Au with Gr/NGr.  

A quantitative estimation of the actual kinetics of ORR and H2O2 formation is made by 

recording hydrodynamic voltammograms using a rotating ring disk electrode (RRDE) set-up at a 

scan rate of 10 mV/s in O2-saturated electrolyte (Figure 5.9). The measurement of the current 

was done at various electrode rotation speeds of 400, 900, 1200, 1600 and 2000 rpm, by applying 

a constant ring potential (ER) of 0.6 V (vs. Hg/HgO). The rotation of the working electrode is 

expected to minimize the diffusion limitation effect.[35] As shown in Figure 5.9a-5.9f, from 400 

to 2000 rpm, the potential regions under kinetic and oxygen mass transport limiting control are 

becoming more prominent and the current density increases.  

 

Figure 5.10: a) Comparative hydrodynamic voltammograms at kinetic region for ORR of Au, 

NGr and Au@NGr performed in an O2-saturated 0.1 M KOH solution at 1600 rpm with a scan 

rate of 10 mV/s and at a constant ring potential (ER = 0.6 V, vs. Hg/HgO), b) Comparative 

Koutecky-Levich (K-L) plots at -0.32 V (vs. Hg/HgO) obtained from the iR-free RDE data. 
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From the hydrodynamic voltammograms (Figure 5.9a-5.9f) and selective comparative graph of 

Au, NGr and Au@NGr (Figure 5.10a) at 1600 rpm indicates the better ORR performance of 

Au@NGr compared to the separate entities. The onset potential values (vs. Hg/HgO) for ORR 

are found in the order of Gr (-0.11 V) <NGr (-0.06 V) < Au (-0.08 V) <Au@Gr (0.015 V) 

<Au@NGr (0.061 V) <Pt/C (0.096 V). Thus, among the prepared samples, Au@NGr is a 

champion of the race. It is clear that the encapsulation on Au has helped NGr to reduce the 

overpotential. Even with the commercial Pt/C catalyst, the overpotential is higher by only 35 

mV. However, the reduction of O2 can be accomplished via a 4-electron (4e-) pathway leading to 

H2O or a 2-electron (2e-) route giving H2O2. The later one decreases the cell potential in a 

PEMFC and accelerates the degradation of membrane and catalyst with the intervention of H2O2. 

Thus, the 4e- pathway is desired in ORR, but it is well documented that carbon based 

electrocatalysts show high yield of H2O2 compared to the Pt based ones.[10, 36-39] 

 

Figure 5.11. Calculated hydrogen peroxide percentage over the various systems measured at -0.3 

V (vs. Hg/HgO). 

 



AcSIR Chapter 5 

 

Vishal M. Dhavale 159 

 

Figure 5.12: a) Change in H2O2 percentage with respect to potential (calculated from the data presented 

in Figure 5.9) at 1600 rpm and b) number of electron transferred during the ORR study calculated by 

using Equation 2.10. 

To understand the actual mechanism, RRDE investigation was carried out by keeping the 

ring potential to 0.6 V (vs. Hg/HgO). The electron pathway of the electrocatalysts towards ORR 

was evaluated by calculating the yield of H2O2 by using Equation 2.9 (details are given in 

Chapter 2, Section 2.3.3).[40]The ring current in Figure 5.9a’-5.9f’, which corresponds to the 

formation of H2O2, shows an increase in its yield in the kinetic region and exhibits a gradual 

increase in the diffusion region (< -0.2 V, vs. Hg/HgO).Figure 5.12ashows the change in the 

H2O2 percentage with respect to the potential during the ORR process. At -0.3 V (vs. Hg/HgO), 

Au@Gr gives a yield of 16.5 % for H2O2 which gets reduced to 6.5 % for Au@N-Gr. On the 

other hand, the H2O2 yield of RGO and NGr are 68.7 and 47.7 %, respectively. Moreover, Au 

itself gives 52.2 % of H2O2. This means that when Au is covered with Gr and N-Gr, the H2O2 % 

from Au has come down by 68 and 87 %, respectively (Figure 5.11). The enhanced ORR 

activity and the reduced H2O2 yield for Au@NGr is attributed to the favourable push towards the 

nearly 4e- pathway through the mutual interactions of the metallic core with the non-metallic 

shell (Figure 5.12b).  
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Figure 5.13: K-L plots of a) RGO (Gr), b) NGr, c) Au, d) Au@Gr, e) Au@NGr, and f) Pt/C at different 

potentials generated  from the iR corrected RDE data of Figure 5.9a-5.9f.  

Furthermore, to substantiate the obtained results from RRDE, mainly the transferred 

electron number and its co-relation with the H2O2 formation during ORR, we have separately 

examined the disk current data after iR compensation (70 %). The obtained RDE plots (Figure 

5.9a-5.9f) have three different regions, namely, diffusion-controlled region (~-0.3 to -0.8 V), 

mixed diffusion-kinetic limitation region (-0.3 to -0.1 V) and kinetic region or Tafel region (> -
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0.1 V). The obtained current (j) is a combination of diffusion-limiting (jL), film diffusion (jf) and 

kinetic (jk) (detailed explanation with equations is provided in Chapter 2, Section 2.3.2). 

 

Figure 5.14: a) Number of electron transferred during ORR at different potentials calculated from 

the K-L plots, b) comparative mass corrected Tafel plots for ORR obtained from the iR corrected ORR 

data, at low current density region. The kinetic current density calculated by RDE analysis is used for 

generating the Tafel plots. 

The total current obtained under various rotating rate is plotted in the form of current 

density (j-1) versus angular rotation (ω-1/2) and a straight line with good linearity has been 

obtained in Figure 5.13at different potentials. The slopes remain approximately constant over 

the potential range from -0.16 to -0.56 V (vs. Hg/HgO) for Pt/C, Au@NGr and Au@Gr, which 

suggest that the electron transfer numbers for ORR at different electrode potentials remain 

similar in these systems. However, slight deviations in the slopes with potential have been 

noticed in the case of Au, Gr and NGr, which is in accordance with the RRDE results. Linearity 

and parallel behaviour of the plots are usually taken as an indication of first-order reaction 

kinetics with respect to the concentration of dissolved oxygen. Moreover, the comparative K-L 

plots are shown in Figure 5.10b. The number of electron exchanged during ORR for each 

catalyst has been deduced from the slope of the straight lines. The calculated n values for Pt/C, 

Au@Gr and Au@NGr fall in the range of ~3.4 to 4, whereas, in case of Gr (RGO), NGr and Au 

the value ranges from 2.1 to 3.4 (Figure 5.14a), which is in well harmony with the results 

obtained from RRDE. The results thus indicate that Au@Gr and Au@NGr reduce the oxygen 
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molecule into water, whereas, the n values of Gr (RGO), NGr, and Au are showing that oxygen 

molecule gets reduced with the formation of higher amounts of H2O2 compared to the core-shell 

structures.  

The mass transport corrected Tafel plots (E Vs. log |jk|) are shown in Figure 5.14bfor the 

entire synthesized samples alongwith 20 wt. % Pt/C. The measured current values were corrected 

for diffusion to give kinetic current (jk) in the mixed activation-diffusion region, as calculated 

from Equation 5.3.[41-42] 

𝑗𝑗𝑘𝑘 =  𝑗𝑗 ∗  𝑗𝑗𝐿𝐿 (𝑗𝑗𝐿𝐿 − 𝑗𝑗)⁄                                     (5.3) 

where, jL/(jL-j) is the mass transfer correction factor. This equation is valid only for the first order 

kinetic reactions. TheTafel slopes for Pt/C and Au@NGr are -65 and -69 mV/decade, 

respectively. However, Gr, NGr, and Au show higher Tafel slope compared to Au@NGr (Table 

5.1). The Tafel slope is an indication of the actual mechanism on the electrode surface, which 

can be co-related with the changing nature of the adsorbed O2 species and its coverage variation 

with respect to potential. Moreover, the higher Tafel slope of Gr, NGr and Au compared to 

Au@NGr gives a judgment of decreased ORR rate, which may be due to the insufficient 

coverage of adsorbed intermediates. In contrast, the core-shell structures show nearly same Tafel 

slope values, attributed to the similar adsorption mechanism and coverage of the adsorbed 

species and subsequently its effective reduction.[43] 

The mass-transport corrected plots have thus given additional information of improved 

kinetic current for Au@NGr in comparison to all other synthesized samples. The calculated n 

value from K-L plots and mass-transport corrected results support the obtained RRDE results. 

Moreover, the change in the nature of RDE curve for Gr, NGr and Au compared to Pt/C, may be 

due to the less number of electrons involved during ORR, which is directly reflected from the 

yield of H2O2 and Tafel slopes as well. In contrast to this, the Au@NGr core-shell has shown 

better activity towards ORR with favourable electron pathway. Overall, the better ORR activity 

calculated from the iR compensated RDE data and reduced H2O2 yield for Au@NGr can be 

attributed to the healthy talk between the core metal with the covered NGr shell. The interaction 

of the phases through the transfer of electrons from the core to shell due to the π–backbonding 

effect, further helps to improve oxygen adsorption prior to its reduction. 
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Table 5.1:Summary of the electrochemical results. 

 RGO (Gr) NGr Gold (Au) Au@Gr Au@NGr Pt/C 

Electrical conductivity 

(S/cm) 

0.5 1.48 2.09 6.03 9.41 -- 

Onset potential (V) (Vs. 
Hg/HgO) 

-0.11 -0.06 -0.08 0.015 0.061 0.096 

n values @ -0.32 V, from iR 
free RDE data 

2.18 3.17 3.24 3.49 3.69 3.89 

Tafel slope from mass-
corrected plots (mV/decade) 

-112 -86 -76 -73 -69 -65 

H2O2 % @-0.3 V (vs. 
Hg/HgO) 

68.7 47.7 52.2 16.5 6.5 2.9 

 

5.4. Conclusion 

The synthesis of an efficient core-shell structured electrocatalyst possessing NGr as the 

shell and Au nanoparticle as the core (Au@NGr) through a simple W/O emulsion technique has 

been demonstrated successfully. The proposed process involves milder experimental conditions 

and very easy workups which guarantees the formation of distinct core-shell features of the 

metal-graphene nanoparticles. The system showed enhanced electrical conductivity and 

significantly reduced overpotential for ORR compared to NGr and even Au as independent 

entities. Apart from this, the study revealed the critical role played by a highly conducting metal 

core, in its low concentration, in influencing the active sites located at the shell layer to shift the 

reaction kinetics to the favourable ~4e- reduction pathway. Thus, the pertaining issue of the high 

ohmic drop on the heteroatom doped system could be effectively tackled by adopting this 

method for synthesizing many more non-noble metal based systems.  
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 The present chapter describes the solid 

state chemistry in a nano-regime of W/O 

emulsion to get the beautiful 3-dimentional (3-

D) Pt-free structure for electrochemical water 

oxidation reaction. Mainly, the synthesis of a 

nitrogen-doped graphene (NGr) interpenetrated 

3-D Ni-nanocage (Ni-NGr) electrocatalyst has 

been explained. The morphology of Ni-NGr 

electrocatalyst has been confirmed by using 

TEM and SEM. Later, the correlation of 

adsorption of NGr and subsequent interpenetration through the specific surface plane of nickel 

particles as well as the concomitant interaction of N and C with Ni in the nano-regime has been 

explored explicitly by using spectroscopic techniques like, XPS, Raman, etc. Apart from the 

synergistic interactions between Ni, N, and C, the role of overall integrity of the structure and its 

intra-molecular connectivity within the framework for achieving better oxygen evolution 

characteristics has been explained. Finally, the quantification of evolved oxygen has been done 

by gas chromatography.  

 

____________________________________________________________________________ 
*The content of this chapter has been published in “Nanoscale, 2014, 6, 13179–13187”  

- Reproduced by permission of The Royal Society of Chemistry  
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Chapter 6 
Pt-Free 3-Dimentional N-doped Graphene 
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6.1. Introduction 

 Oxygen evolution reaction (OER) is gaining substantial attention due to its growing 

importance in several energy conversion and storage devices, such as metal-air batteries, water 

splitting, etc.[1-2] The water splitting reaction proceeds via two half reactions: the anodic OER 

and the cathodic hydrogen evolution reaction (HER). The anodic oxidation reaction, i.e. OER, is 

more complicated as it involves a four electron oxidation path in which two water molecules get 

oxidized to form one oxygen molecule.[3-4] Hence, the overall efficiency of electrolytic water 

splitting is mainly held back due to the higher anodic overpotential of OER. Consequently, 

development of promising OER electrocatalysts is a challenging task compared to the HER 

catalysts. The oxides of ruthenium and iridium have been currently considered as optimal 

electrocatalysts having efficient OER activity. However, even these catalysts operate with 

overpotential higher than 200 mV at a practical current density of 10 mA/cm2.[5-7] 10 mA/cm2 is 

the current density required to achieve a splitting efficiency of 10 % with one sun illumination 

for solar-to-fuel conversion.[8] However, the cost and scarcity are the major challenges of these 

systems, which hamper the prospects of their commercialization. Moreover, efficient OER 

electrocatalysts have great urge in the field of sustainable energy devices in order to maintain 

high overall efficiencies of the systems where multiple processes are integrated to meet the 

efficiency requirements and challenges.[1-2]  

A review of literature suggests that multi-metallic structures of Co, Ni, Fe, Ru–Co, and 

Ir–Ni, have been widely explored for OER.[8] Moreover, the nickel based electrocatalysts (Ni–

Co, Ni– Mo, or the spinels like NiCo2O4, etc.) have been reported as active catalysts for multiple 

reactions, including OER and ORR in alkaline medium and as better oxidation electrocatalysts 

for alcohols and amines.[9-11] However, stability is the major concern in the way of the real 

commercialization of these OER catalysts. Moreover, the inter- and/or intra-metallic interaction 

within the structure has not been explored. Along with this, the synthesis techniques like 

sputtering, thermal decomposition, immersion process, etc. make the processes less viable for 

scale-up.[8, 12-18] In conjunction, the surface passivation, corrosion of metals and supports and 

degradation of materials lead to performance loss during long-term tests. Recently, Ni based 

multi-metallic heterostructures (oxides, hydroxides etc.) have been introduced as potential 

substitutes to the precious metal based electrocatalysts.[8, 12-28] These morphologies reveal 
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beautiful geometry and they also have high surface area and voids, which pave their use as 

electrocatalysts in the field of energy devices.21-28 Unfortunately, the limited-localized electronic 

interaction of these structures with a support material (carbon) causes carbon corrosion, and 

eventually the inherent structural properties get disturbed during the long-term tests.21-28 In 

addition, the separate N-doped graphene (NGr) or metal decorated NGr/Gr may not be a good 

solution due to its limited electronic interaction with/within the framework and has low 

molecular accessibility.[9-11, 29-34] Specifically, Ni, Fe etc. decorated on NGr show the innate 

carbon interpenetration property.[35-40]  

Therefore, systematic control of the reaction parameters during synthesis could be 

possible to obtain new structured catalysts. In that view, I have tried to utilize the synthetic 

protocol adopted in Chapter 5 by changing the metal precursor and reaction parameters to 

achieve a 3-D hollow structured electrocatalyst for electrocatalytic applications. Hence, 

dispersing NGr and Ni in an aqueous nanodroplet, and the advantage of the dissolution property 

of one component into the other trigger the solid-state reaction and eventually lead to the 

formation of new morphologies with precise control on the size of the particles. I have observed 

that the reaction between Ni and NGr in nano-droplets leads to the formation of Ni–NGr 

nanocage structures possessing unique three-dimensional (3D) architecture. The overall 

structural and electronic modulations acquired by the new morphology help the system to 

function as an efficient OER catalyst which displays a significantly reduced overpotential for the 

reaction.      

6.2. Experimental Section 

6.2.1. Synthesis of Ni-NGr Nanocage Structures 

For the synthesis of the Ni-based nanocage structures, a homogeneous mixture of NGr (4 

mg) and an aqueous solution of NiCl2 (2 ml, 100 mM) was obtained by sonicating the mixture 

for 30 min using a Branson bath sonicator. This well dispersed solution was added drop-wise in 

previously taken fresh silicon oil (25 ml), under strong magnetic stirring (750 rpm) at room 

temperature. Moreover, the reaction mixture was maintained for 5 h at room temperature for 

uniform distribution of the emulsion droplets. Furthermore, the W/O emulsion was transferred 

into a Petri dish, and was kept in an oven at 80 °C for 80 h. The formed Ni-NGr nanocage 

structures were centrifuged at 10 000 rpm for 15 min and were washed several times with hexane 
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to remove the silicon oil and the material was dried under a lamp (Scheme 6.1). Furthermore, to 

understand the role of nitrogen, I have prepared a Ni-Gr sample by employing a similar synthetic 

procedure with RGO (Gr), instead of NGr, and ended with spherical particles (a TEM image is 

shown in Figure 6.3) (detailed synthesis procedures adopted for preparing graphene oxide (GO), 

reduced graphene oxide (Gr), NGr, Ni-Gr particles, and Ni-nanoparticles are given in Chapter 2, 

Section 2.1.7, 2.1.8, 2.1.13 and 2.1.14, respectively). 

 

Scheme 6.1: Schematic illustration for the synthesis of Ni–NGr nanocage particles. 
 

6.2.2. Gas Chromatography (GC) 

Oxygen evolution measurements were performed in a gas closed electrochemical cell 

assembly having 25 ml capacity. 0.1 M KOH (12 ml) was used as the electrolyte and the catalyst 

coated glassy carbon electrode (GCE) was used as the working electrode. Along with that, a Pt-

flag and Hg/HgO were used as the counter and reference electrodes, respectively. The catalyst 

slurry was prepared by sonicating 5 mg Ni-NGr in a 1 ml ethanol–water (3:2) mixture. Out of it, 

40 μl was drop-coated on the GCE surface (area = 0.19625 cm2). Furthermore, to investigate the 

oxygen evolution activity, the chronoamperometry profile was recorded by applying a constant 

potential of 1.5 V (vs. RHE). The amount of O2 evolved was determined using a gas 
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chromatograph (GC) (Agilent Technologies, 7890A). Nitrogen was used as the carrier gas. The 

data were collected for 1 h with an interval of 15 min (2 cycles). The evolving gas mixture was 

taken in a 500 μl gas tight syringe and was subsequently injected into the GC.  

6.3. Results and Discussion 

Calculation: 

(1) O2 (ml) = (peak area × slope × dead volume)/injection volume. 

(2) Moles of O2 per g = [(O2 (ml)/22400)/weight of the catalyst] × 1000. 

6.3.1. Concept of Nanoreactor  

During the synthetic process, plenty of aqueous droplets were dispersed in oil, wherein 

NiCl2 was dissolved and NGr was dispersed. During time bound heating, the water starts 

evaporating in a nano-sized water droplet. As a result, because of the higher surface area (Es) 

and flexible nature of NGr, it will tend to distribute at the W/O interface. Finally, the formation 

of the nanocage is facilitated by the mutually assisted redox reaction of NiCl2 and NGr followed 

by adsorption and subsequent interpenetration of carbon in nickel particles within the tiny water 

droplets in the oil phase (Scheme 6.1) which acts as the nanoreactors and controls the growth 

process. 

6.3.2. TEM and SEM Analysis 

A structural illustration of the Ni–NGr nanocage is carried out by transmission electron 

microscopy (TEM) (Figure 6.1). Figure 6.1a and 6.1b show the well dispersed nanocage 

structures, with clear dimensions having an average size of ~20 nm ± 2 nm, with cubical and 

hexagonal structures. The ends of the Ni-arms seem to be connected through the metal oxide 

layer, which is clearly observed in Figure 6.1a and 6.1b. The presence of Ni-oxide has been 

confirmed by XPS, as explained in Section 6.3.5. HR-TEM and dark field images of Ni–NGr 

nanocages are presented in Figure 6.1c and Figure 6.2, respectively. The separately calculated 

d-spacing values of each side from the lattice fringe profile of Ni-NGr (Figure 6.1d–6.1f) are in 

the range of 0.23-0.28 nm, which is attributed to the carbon interpenetration (dissolution) in the 

nickel lattice. The dark-field image (Figure 6.3) of Ni-NGr nanocages clearly indicates the 

difference in Z-contrast, the white shiny part could be due to Ni, and the surrounding low 
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contrast may be because of the combined effect of nickel oxide and/or adsorbed carbon.[41] 

Furthermore, as mentioned in Section 6.2.1, to understand the role of nitrogen,  Ni–Gr sample is 

also prepared. The morphology of Ni-Gr has been found to be spherical in nature with 

approximate size around 10-15 nm (Figure 6.3). 

The well distribution of C, O, N and Ni in a Ni-NGr nanocage structure was observed by 

SEM elemental mapping (Figure 6.1). The Figure 6.1g provides the SEM image of Ni-NGr at 

500 nm. Moreover, SEM mapping of Ni-NGr nanocage structure shown in Figure 6.1g for 

carbon, oxygen and Ni elements has been done and the images are provided in Figure 6.1h-6.1j, 

respectively. The elemental mapping indicates the better distribution of C, O and Ni in Ni-NGr.  

 

Figure 6.1: TEM images of Ni–NGr nanocage structures: (a–b) solution dispersed at lower and 

higher magnifications, respectively, (c) HR-TEM image with lattice fringes, (d–f) lattice constant 

of the particular selected areas of (c), g) SEM image of Ni-NGr and h-k) SEM elemental 

mapping of Ni-NGr.  
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Figure 6.2: Dark field image of Ni-NGr. Inset shows the magnified image of a single Ni-NGr nanocage 

structure. 

 

Figure 6.3: TEM image of Ni-Gr showing the formation of spherical particles rather than nanocages. 

Particle size is around 20-25 nm. This gives a clear idea of the important role played by nitrogen during 

the Ni-NGr nanocage synthesis. 

6.3.3. XRD Analysis 

The characteristic diffraction peaks in the X-ray diffraction (XRD) pattern give an idea 

about the presence of Ni-oxide and Ni-carbide (Figure 6.4) in Ni–NGr. Figure 6.4 shows 
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comparative X-ray diffraction (XRD) patterns of graphite, Gr, NGr, NiCl2 and Ni-NGr. The peak 

obtained at a 2θ of ∼25° is attributed to the graphitic reflection of the (002) plane which is found 

to be shifted in the case of NGr and even for Ni-NGr, by approximately 0.5° and 0.6°, 

respectively. This peak shift can be directly correlated with the d-spacing values, which clearly 

indicates the lattice expansion in the case of Ni-NGr compared to the rest. This also could be 

taken as indirect evidence of the N-doping in the graphene framework.[42-43] The characteristic 

peaks of the oxide and carbides are marked in the XRD pattern of Ni-NGr. 

 

Figure 6.4: Comparative XRD patterns of NiCl2, graphite, Gr, NGr, and Ni–NGr. 

6.3.4. Raman Analysis 

Comparative Raman spectra of NiCl2, RGO (Gr), NGr, Ni–NGr, and a physical mixture 

of NiCl2 and NGr (NiCl2+NGr) are provided in Figure 6.5. In general, the Stokes phonon energy 
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shift caused by laser excitation creates the main two peaks at nearly ∼1320 and ∼1596 cm-1, 

which could be assigned to the defective (D-band) and graphitic (G-band) nature of the 

carbon.[44-45] In the present case, a substantial shift in the positions of the G and D bands was 

observed in the case of both Ni-NGr and NGr. The peaks appearing at a lower wavenumber in 

the case of NiCl2, NiCl2+NGr and Ni-NGr could be attributed to the transverse and longitudinal 

optical (TO and LO, respectively) phonon modes of Ni.[46-47] However, the 6 cm-1 shift in the 

graphitic peak of NGr (1590 cm-1) compared to RGO (Gr) (1596 cm-1) indicates the effective 

nitrogen doping in the graphene framework.    

 

Figure 6.5: Comparative Raman spectra of RGO (Gr), NGr, NiCl2, Ni-NGr, and physically mixed NiCl2 

and NGr (NiCl2+NGr). 
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Furthermore, the same peak is again shifted to a lower wavenumber by 5 cm-1 for Ni-NGr (1585 

cm-1) compared to NGr alone, which could be due to the charge transfer between the Ni and 

NGr. Conversely, this also could be accounted for the interaction of the Ni-N/C/O in Ni-NGr[44-

45] (confirmed by XPS, explained in Section 6.3.5). In parallel, the calculated ID/IG ratio is found 

to be in the order of RGO (Gr) (1.13) < NGr (1.25) < Ni-NGr (1.26). The NGr interpenetrated 

Ni, i.e. Ni-NGr, showed more defects than NGr, which could be attributed to the formation of 

nickel carbide and/or the Ni-N bond which changes the structural and electronic configuration of 

NGr in Ni-NGr. This type of interaction of Ni with carbon and formation of Ni-carbide has 

already been reported by John Thong et al.[44]  On the other hand, the oxygen functional groups 

present at the edges of the graphene sheets will interact with the Ni-ions and will lead to the 

oxidation at the particular site, which can eventually facilitate the rupturing and/or cutting of the 

graphene sheets. This also could increase the number of defects in graphene. [44-45] Moreover, the 

Raman spectrum of Ni-NGr has shown multiple peaks at 395.5, 508.7, 632.93, and 805.9 cm-1, 

which are assigned to the TO, LO, 2TO, and TO + LO phonon modes, respectively.[46-47] 

Subsequently, the shift in the peaks at the lower wavenumber substantiates the charge transfer 

between the Ni and N and/or C in Ni-NGr.  

6.3.5. XPS Analysis 

 
Figure 6.6: Deconvoluted XPS of a) Ni 2p, b) C1s, c) O 1s and d) N 1s of the Ni-NGr nanocage structure.   
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Furthermore, the XPS also gives additional proof of formation of the nickel-carbon bond, 

evidenced by the characteristic peak of Ni-C bonding at ∼283.5 eV in C 1s spectra (Figure 6.6b) 

of Ni-NGr.[48-49] Along with this, the XPS of Ni 2p and O 1s of Ni-NGr are provided in Figure 

6.6a and Figure 6.6c, respectively. The Ni 2p spectra show two peaks, one at 855.9 and another 

at 874.5 eV of 2p3/2 and 2p1/2, respectively, along with their corresponding satellite (S1 and S2) 

peaks. Moreover, the difference between the Ni 2p3/2 and Ni 2p1/2 peaks is found to be 18.4 eV 

and the occurrence of the satellite peaks is attributed to the presence of oxide/carbide of nickel in 

the Ni-NGr system.[48-49] On the other hand, the higher binding energy shift (∼4–6 eV) of Ni 2p3/2 

and 2p1/2 of Ni-NGr compared to that of NiCl2 (Figure 6.7d) is attributed to the change in the 

electronic configuration of Ni present in Ni-NGr, which substantiates the interaction between the 

Ni and N/C/O.[48-49]  

 

Figure 6.7: XPS of a) N 1s, b) C1s, c) O 1s of NGr and d) XPS of Ni 2p of NiCl2 precursor used for the 

synthesis of Ni-NGr.   
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For comparison, XPS spectra of N1s, C1s, and O1s of NGr are provided in Figure 6.7a-6.7c, 

respectively. More importantly, the number of defective sites seemed to be more as observed in 

C1s of NGr (Figure 6.7b) compared to Ni-NGr (Figure 6.6b). However, the Raman 

investigation highlights a slight variation in the ID/IG ratio (Section 6.3.4). Overall, the defects in 

NGr are due to the combined effects of functional groups, N-doping and change in the bond 

length after the N-doping. Conversely, in the case of Ni-NGr, the carbon is in coordination with 

the Ni and N (which has been confirmed by XPS, Figure 6.6). Therefore, only the type of the 

defect is changed in Ni-NGr compared to NGr. Similarly, the presence of a low binding energy 

peak (< 398 eV) in N1s of Ni-NGr (Figure 6.6d) also gives the evidence of the interaction 

between the N and Ni. 

6.3.6. Mechanism of Formation of Ni-NGr Nanocage Structure 

More importantly, to understand the exact mechanism of the formation of Ni-NGr 

nanocage structures,  a similar synthetic protocol using Gr instead of NGr was followed and 

ended up with spherical particles (Figure 6.3). This means that the presence of nitrogen has a 

crucial role in the formation of the Ni-NGr nanocage structure. Moreover, nickel has higher 

carbon solubility and also, it forms ordered surface carbide.[35-40] In fact, during the entire 

synthesis process, the carbon of the NGr gets adsorbed on the in situ formed nickel 

nanoparticles, because of the dominance of van der Waals forces (Ev) between the NGr layers 

compared to the gravitational potential energy of metal nanoparticles and the surface energy of 

NGr. The dominating role played by the van der Waals interaction in forming the graphene based 

core-shell structure has already been reported by Kang et al.[50] Consequently, the presence of 

nitrogen may increase Ev of the NGr layer as well as the pressure built by the water vapors in the 

oil phase leads to controlled and/or enhanced interpenetration (dissolution/diffusion) of the 

carbon in the nickel crystal structure. Besides, the nitrogen in NGr has a lone pair of electrons 

which could act as a source of electrons (higher electron density) and may be donated to the Ni2+ 

with its eventual reduction.[50-55] On the other hand, NGr will undergo self-oxidation, which is 

termed here as a “mutually assisted redox reaction”. [50-55] Therefore, the interaction between the 

nitrogen of NGr and Ni2+ may assist the easy carbon dissolution in the Ni-matrix.[44-45], [50-55] In 

general, the carbon dissolution/diffusion in a metal takes place at higher temperatures. However, 

in our case, the presence of a hetero-atom and interfacial tension at the water-oil interface is 
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expected to reduce the activation barrier for the carbon dissolution/diffusion. This could be the 

reason for obtaining the nickel nanocage structures at a relatively low temperature. In 

conjunction, I tried to correlate the present situation with the surface plane energy of nickel for 

the adsorption followed by interpenetration properties of the adsorbed entities (like carbon). 

Essentially, during actual formation of the nanocage structure, atoms of adsorbed entities (i.e. 

carbon) move into the lattice sites of nickel, effectively causing position switching between 

them.[41, 56-57] During high scale diffusion, there will be a flux of atoms (carbon) in one direction 

and a flux of vacancies (created due to the reaction of three/four Ni atoms with one C-atom) in 

the other, which may be depending on the surface energy of the crystal plane of the substrate 

(nickel).[35-41,56-57] Furthermore, based on the literature reports, the surface plane energy and 

adsorption-cum interpenetration of carbon in nickel are in the order of Ni (111) > Ni (110) > Ni 

(100) (Table 6.1).[58]  

Table 6.1: Desorption energy per carbon atom (Edes) and activation energy (∆E a) for carbon diffusion of 

nickel surface.[58] 

Surface plane Surface energy 

(J/m2) 

Desorption energy 

(Edes) in eV 

Activation energy 

(∆Ea)  in eV 

111 2.02 6.28 ~0.4 

100 2.23 7.61 ~2.1 

110 2.29 6.76 ~0.4 

311 2.31   

 

Hence, more carbon interpenetration, i.e. dissolution/diffusion, may take place in the mentioned 

order of the Ni crystal plane and the flux of vacancies (vacancies created due to formation of 

Ni3C or Ni4C) in the other direction. This kind of phenomenon has already been explained by Gu 

et al. for Mn–Zn ferrite structures and by Li et al. for constructing a Au island on the Pt-Ni 

nanoframe as a tri-metallic nanoframe catalyst.56-57,[41] In addition, the presence of nitrogen may 

help in minimizing the activation barrier for the adsorption of carbon and subsequent 

interpenetration in the nickel matrix[59-60] which resulted into a fancy, high surface area, highly 

active 3D Ni-NGr nanocage structure for OER. The engineered Ni-NGr nanocage shows the well 
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ordered inter-connected atomic arrangement and wide-directional electronic interaction within 

the structure (which could be clearly observed in TEM, shown in Figure 6.1), which may help in 

improving the overall structural integrity during actual performance investigation. Moreover, it 

also improves the tolerance towards oxidizing conditions during the real applications.[61-62] 

6.3.7. Electrochemical Study 

To evaluate the electrochemical activity of the synthesized Ni-NGr electrocatalyst for 

water oxidation, experiments with cyclic voltammetry (CV) and linear sweep voltammetry 

(LSV) have been carried out in aqueous 0.1 M KOH solution. The CV is scanned in a potential 

window of 0.7 to 1.7 V (vs. RHE). Ni-NGr has shown the characteristic property of oxygen 

evolution with lower overpotential. Figure 6.8 shows the comparative CV of NGr and Ni-NGr 

performed in N2-saturated 0.1 M KOH.  

 

Figure 6.8: Comparative CV of NGr and Ni-NGr. Conditions: electrolyte: 0.1 M KOH, scan rate: 50 

mV/s, potential window: 0.7 to 1.7 V (vs. RHE). 

The peak at ∼1.42 V during the anodic scan is the characteristic oxidation peak of the active Ni-

center, which is followed by a sharp augment in current due to the oxygen evolution (Figure 6.8 

and 6.9b). 12-18 The probable mechanism of OER on the Ni-active center (A) is given in Figure 
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6.9a. In brief, the active center (A) will form hydroxide (A-OH), followed by chemical 

association between OHads and OH-, with the reaction involving two electrochemical steps, viz. 

OH- discharge and O-
ads discharge, which finally leads to the evolution of oxygen. 

 

Figure 6.9: a) Mechanism of OER in alkaline medium and b) comparative LSV of Nickel nanoparticles, 

Ni-Gr, and Ni-NGr recorded in N2-saturated 0.1M KOH at 1600 rpm. The calculated overpotential at 20 

mA/cm2 for Ni-nanoparticles, Ni-Gr and Ni-NGr is ~370, 570, and 290 mV. The OER current is seem to 

be in the order of Ni-NGr > Ni-nanoparticles > Ni-Gr. 

The electrochemical surface active area (ESCA) was deduced from the electrochemical 

double layer capacitance (Cdl) of the catalytically active surface.[63] The calculation of Cdl is done 

by measuring the non-Faradaic capacitive current associated with double layer charging by 

merely recording the scan rate dependent CV as shown in Figure 6.10a and 6.10c.[63-64] To 

obtain the double layer charging from CV, at first, the potential window corresponding to the 

non-Faradaic contribution is determined from static CV. Principally, this potential window will 

be of ∼0.1 V, centered at the open circuit potential (OCP) of the system. The CV of the Ni-NGr 

electrocatalyst in the non-Faradaic potential window is displayed in Figure 6.10a, and the Cdl is 

calculated using Equation 6.1. 

i = υ Cdl                                               (6.1) 

where ‘i’ is the measured cathodic/anodic current and ‘υ’ is the scan rate. The plot of i vs. υ gives 

a straight line with Cdl as a slope (Figure 6.10b). The obtained Cdl is 0.1985 mF for Ni-NGr. 
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Moreover, the ratio of Cdl to the specific capacitance (Cs) will directly give the ESCA, and it is 

found to be 7.26 cm2 for Ni-NGr (the used Cs value is 27 μF/cm2).  

 

Figure 6.10: Cyclic voltammograms performed in the non-Faradaic potential window (0.9 to 1 V (vs. 

RHE)) at varying scan rates in a nitrogen saturated 0.1 M KOH electrolyte of (a) Ni-NGr, (c) Ni-Gr and 

(b and d) plot of anodic and cathodic current vs. scan rate at 0.95 V (vs. RHE) of (a), and (c), 

respectively.  

As per the literature, the typical Cs values reported for metals in alkaline medium are in the range 

of 22-130 μF/cm2,[34, 65-76] and for the Ni-based electrocatalysts they fall in the range of 23-28 

μF/cm2 (Table 6.2).34, 65-76 Cs is the capacitance of an atomically smooth planar surface of the 

material per unit area under the similar electrolyte conditions. Moreover, the roughness factor 

(RF) is obtained by taking the ratio of ESCA to the geometrical surface area of the electrode 
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(0.19625 cm2), and is found to be 36 ± 3. Furthermore, to investigate the importance of the 

nanocage structure and chemical combination, ESCA and RF of the Ni-Gr particles were 

determined using a similar method. Ni-Gr showed the ESCA and RF values of 4.11 cm2 and 

20.9, respectively (Figure 6.10c and 6.10d).  

Table 6.2: Reported specific capacitance (CS) for Ni-based materials and platinum in alkaline medium. 

Ni-based  

electrocatalyst 

Electrolyte 

concentration 

Cs  

(mF/cm2) 

 Reference  

Ni 1 M NaOH 0.03  [73] 

Ni 0.5 M KOH 0.04  [55] 

Ni 31% KOH 0.03  [72] 

Ni 4 N KOH 0.022  [68-69] 

Ni-Co 1 M NaOH 0.026  [34] 

Pt 1M KOH 0.028  [75] 

Pt/C 1M KOH 0.03  [76] 

 

The 1.7 order improved ESCA and RF of Ni-NGr nanocages compared to Ni-Gr particles is 

mainly credited to their 3D morphology with controlled chemical composition, higher molecular 

accessible space, higher surface-to-volume ratio and more number of active sites. Importantly, it 

is just to be noted that the calculated ESCA and RF are the precision average values of three 

independent measurements with standard deviations of 0.03 and 1.73, respectively. These 

measurements are a sign of precision of the measurements and not obligatorily meticulous to the 

obtained ESCA and RF. The estimated values must be considered only for comparing the surface 

roughness. LSVs of NGr and Ni-NGr were recorded to monitor the anodic reaction by scanning 

in a potential window of 0.7 to 1.9 V and 0.7 to 1.7 V (vs. RHE), respectively. The onset 

potential is found to be 1.7 V (Figure 6.12) and 1.5 V (Figure 6.11a and 6.9b) (vs. RHE) for 

NGr and Ni-NGr, respectively. The overpotential calculated at 20 mA/cm2 for the Ni-NGr 

nanocage is found to be ∼290 mV, which is even less compared to the literature data of the Ni-

based electrocatalysts (∼400 mV)[8] which are reported at a lower current density of 10 mA/cm2 
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(tabulated in Table 6.3). In short, the reported Ni-based electrocatalysts might give 10% 

efficiency for water splitting with one sun illumination to convert solar energy to fuel; 

conversely, double efficiency could be obtained from Ni-NGr even at a lower overpotential.[8]  

Table 6.3: Reported overpotential values for Ni-based electrocatalysts.[8] 

Electrocatalyst Electrolyte concentration 
and catalyst synthesis method 

Overpotential  
(mV) 

Reference  

NiOx 1 M  NaOH (Electrochemical deposition on 
Ni substrate and reported at 16 mA/cm2) 

420 [77] 

NiCeOx 1 M  NaOH (Electrochemical deposition on 
Ni substrate and reported at 16 mA/cm2) 

280 mV [77] 

NiCoOx 5 M KOH (Electrochemical deposited on Cu substrate 
and reported at 10 mA/cm2) 

400 mV [78] 

NiCuOx 1 M NaOH (Electrochemical deposited onto  
Ni substrate and reported at 100 mA/cm2 and 800C) 

420 mV [79] 

NiFeOx 1 M NaOH (Electrochemical deposited onto Pt  
and reported at 100 mA/cm2) 

290 mV [80] 

NiFe2O4 1M KOH (Hard template method and reported at 10 mA/cm2) 360 mV [81] 

Ni-NGr nanocage W/O emulsion technique 270 mV Present work 

 

Figure 6.11: (a) O2-evolution curve of Ni-NGr nanocages before and after cycle stability performed in a 

potential window of 0.7 to 1.7 V (vs. RHE), in a 0.1 M KOH electrolyte, (b) chronoamperometric stability 

profile performed at overpotential of ~290 mV for 15 h, (c) Tafel plot of Ni-NGr, and (d) rotating ring 

disk electrode (RRDE) study for OER of Ni-NGr nanocages, recorded in 0.1M KOH at 1600 rpm. The 

disk electrode is subjected to a series of current steps, and the corresponding potentials are measured.  
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Consequently, the Tafel slope (Figure 6.11c) was obtained by plotting the log I vs. 

potential, and is found to be ~69 mV per decade. The Tafel slope directly gives an idea about the 

good intrinsic electrocatalytic activity. For comparison, the anodic LSV scan of Ni-nanoparticles 

and Ni-Gr (Figure 6.9b) was recorded. The obtained overpotential of the samples at 20 mA/cm2 

is in the order of Ni-NGr (∼290 mV) < Ni-nanoparticles (∼370 mV) < Ni-Gr (∼570 mV). The 

obtained results in terms of lower overpotential and higher current signify the importance of the 

nanocage structures over the Ni-nanoparticles and Ni-Gr. Moreover, cyclic stability (Figure 

6.11a) was confirmed by anodic potential scanning for 500 cycles and a chronoamperometric 

(Figure 6.11b) study at a practical overpotential value (i.e. required to achieve the 20 mA/cm2 

current density) for 15 h. From the chronoamperometric investigation, it was found that the 

current density is steady up to 15 h at the applied overpotential (η = 290 mV). However, in 

potential cycling, nearly 15 % decrease in the current is observed after 500 cycles, which is 

showing good stability under the operating conditions. The observed overpotential (η) at the 

current density of 20 mA/cm2 is found to be ∼290 mV before the stability test (i.e. ηn=1 = 290 

mV, where, n = number of cycles) and after 500 potential cycles, η is found to be increased to 

317 mV (i.e. ηn=500 is 317 mV).  

 

Figure 6.12: LSV OER stability of NGr recorded in nitrogen saturated 0.1M KOH at 1600 rpm. 

The overpotential is around 470 mV (at onset). The current is also very low for OER.  
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Therefore, the percentage of overpotential increment after the 500 cycles is 8.5  at 20 mA/cm2, 

which is far better than the available reports.[8] The better activity and stability of Ni-NGr 

nanocages is attributed mainly to a high surface-to-volume ratio, and 3D surface molecular 

accessibility, which provide more active sites. The exact reason for the increase of overpotential 

after 500 cycles and the decrease in the current after the 15 h chronoamperometric test could be 

the electrode surface passivation due to the evolved oxygen and/or formation of nickel 

oxyhydroxide.    

 

Figure 6.13: Quantitative analysis of the evolved oxygen and cycle stability evaluation of the catalyst by 

gas chromatography during the electrochemical water oxidation. 

Finally, a gas tight electrochemical cell assembly has been constructed for the 

quantification of the generated oxygen during the electrochemical water oxidation. The 

quantification was done by analyzing the gas sample from headspace of the assembly using the 

gas chromatography (GC) technique. Mainly, before starting the experiment, the electrolyte was 

purged with N2 for 30 min and complete gas evacuation was ensured by applying vacuum for 10 

min. Afterwards, GC spectrum was recorded and confirmed the absence of any gas in the 

assembly. Subsequent to this, the system was subjected to a chronoamperometric testing at 1.5 V 

(vs. RHE) and the generated oxygen was recorded by GC for 1 h with an interval of 15 min, 
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named the Ist cycle in Figure 6.13. A systematic increase in the amount of oxygen is observed 

from 0 to 70 mmol/h/g. Furthermore, to understand the stability of the catalyst, the assembly was 

completely evacuated and made free from the gas and the same experiment was repeated, termed 

as the IInd cycle in Figure 6.13. The amount of O2 generated is almost the same in both the 

cycles, which highlights the higher stability of the catalyst under the operating conditions.  

To understand the efficiency of Ni-NGr for OER, RRDE investigation has been done. 

Mainly, the Faradaic efficiency (ε) measurement was done by applying a current step from 2 to 

15 mA/cm2 to the carbon disk and the corresponding voltage was measured (Figure 6.11d). 

During the measurement, the rotation speed of the RRDE was kept at 1600 rpm. The oxygen 

evolution from the carbon disk was monitored by reducing it on the Pt ring, whose potential was 

kept constant at 1.3 V (vs. RHE). The Faradaic efficiency was calculated by using Equation 6.2, 

and is found to be 0.9 at 15 mA/cm2.[3-4] 

Faradaic efficiency (ε) = 2*IR / ID*N                                 (6.2) 

where, IR is the ring current, ID is 2.7 mA, is the constant disk current for a 0.2646 cm2 disk 

electrode to get minimum current density of 10 mA/cm2 and N is the collection efficiency (0.37). 

6.4. Conclusion 

Ni-NGr nanocage structure was synthesized by a simple W/O emulsion technique by 

optimizing the reaction occurring inside the nanoreactors of the aqueous droplets. Ni-NGr 

showed a significantly reduced overpotential for OER at the practical current density of 20 

mA/cm2 compared to the literature results. Moreover, the chronoamperometry evaluation 

highlighted its better sustainability in alkaline medium. Nearly 70 mmol/h/g of oxygen was 

generated after 1 h and the catalyst displayed good reproducibility in the second cycle as well. 

Ni-NGr is relatively cheap and it displays excellent corrosion resistance properties in the 

aqueous alkaline system. Hence, it offers an efficient and cheap alternative to the energy 

intensive and expensive Ru/Ir-oxide catalysts. The method demonstrated here can be useful to 

synthesize many more multi-metallic nanocage structures for ORR, OER, alcohol oxidation, etc. 

Still, the exact type of nitrogen which triggers the formation of the nanocage structure is an open 

question for further studies.  
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 This chapter gives an overview on the important observations and conclusions along with 

the future prospects of the work described in the thesis. Development of the in situ modification-

cum-anchoring strategy for obtaining low-Pt based core-shell structures dispersed on carbon 

support substrate is an important achievement of the work. Several advantages of this approach 

such as direct anchoring of the nanoparticles, in situ functionalization of the support substrate, 

controlled formation of continuous thin Pt-shell on the surface of the non-noble metal core and 

the application of these catalysts in the field of PEMFCs have been thoroughly discussed. The 

significance of low-Pt and Pt-free 3-D hollow nanocage structured electrocatalysts possessing 

multifunctional characteristics to address the challenges existing in the area of performance 

improvement is also covered in the thesis. Another key highlight of the work is the synthesis of a 

non-Pt based core-shell structured electrocatalyst possessing a graphene shell and demonstration 

of its benefits in attaining modulated performance characteristics for oxygen reduction. The 

thesis also deals with the viability of the water-in-oil (W/O) emulsion technique in order to build 

various types of nanostructured Pt-free electrocatalysts by making use of the complex chemistry 

involved in nano regime of the water droplet. This chapter gives a concise summary of the key 

aspects of the work illustrated in the thesis. The main aspects with respect to the synthesis 

strategies adopted, structural features attained and performance modulations achieved are 

highlighted in the chapter. 

 

 

 

 

 

Chapter 7 
Summary and Conclusions 
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Polymer electrolyte membrane fuel cells (PEMFCs) and Zn-air batteries offer the 

prospects to fulfil the future energy demands of the world, because of their many fascinating 

features like noise-free operation, substantial reduction in pollution and better efficiency etc. 

Conversely, the use of expensive platinum (Pt) and its sluggish ORR activity are the bottleneck 

in the field of marketization, especially in the case of PEMFCs. Therefore, the electrocatalysts 

need special attention as they play a decisive role in deciding the performance and cost aspects of 

PEMFCs and metal-air batteries. Hence, there is a clear urge to develop suitable low-Pt and Pt-

free electrocatalysts for PEMFCs and metal-air batteries without affecting their performance and 

stability. Looking closely at the fundamental aspects of the metal structures and their correlation 

with the size, there exists good opportunity to build novel nanostructured electrocatalysts 

possessing higher surface-to-volume ratio with better dispersion on the support substrate. In 

addition, structural modulation of bi-metallic systems consisting the noble metal Pt with less 

expensive transition metals such as Cu, Fe, Ni, etc. in the form of alloy, core-shell, and hollow 

nanocage etc. can help to resolve the issues related to cost and performance in comparison to the 

state-of-the-art Pt/C. Along with this, various nanostructured  Pt-free systems such as metal-

carbon core-shell and hollow nanocages structures have immense potential to evolve as efficient 

cost effective materials for energy applications by effectively tackling their physico-chemical 

characteristics. 

The works demonstrated in the thesis stand out as a concerted effort to overcome some of 

the pertinent issues associated with the existing noble metal based electrocatalysts which are 

being used for various energy related applications such as PEMFCs, metal-air batteries, water 

splitting etc. The key strategy in this work involves synthesis of different engineered 

nanostructures via logical selection of the reducing agents, metal precursors, synthesis protocols 

and reaction parameters. A controlled interplay of many of these parameters is found to be 

assisting in attaining various types of nanostructured activity modulated and cost-effective 

electrocatalysts, which have great potential to bring in redefined performance characteristics and 

cost benefits for devising systems for energy applications.  

The major accomplishments of the present investigations can be summarized as follows: 

 



AcSIR Chapter 7 
 

Vishal M. Dhavale  195 
 

1. Surface Modification-cum-Anchoring Strategy for the Synthesis of Low-Pt Core-Shell 

Electrocatalysts for Oxygen Reduction Reaction.  

Even though there are several reports on synthesizing core-shell nanoparticles, 

development of carbon supported core-shell nanoparticles is still a challenging task owing to the 

counteracting inter-species interactions within the system. Pre-formed core-shell nanoparticles 

generally will not give proper dispersion owing to the weak interaction between carbon and 

reduced surface of the core-shell particles (ex situ method). However, in this case, the core-shell 

features of the nanoparticles will be intact. On the other hand, attempts for simultaneous 

preparation and dispersion of core-shell nanoparticles on carbon cause more individual metal 

particle dispersion than the formation and dispersion of the core-shell particles due to 

preferential adsorption of the respective metal ions on the active sites of carbon (in situ method). 

This means that, maintaining high dispersion while retaining the core-shell characteristics of the 

species is an exigent task. To overcome this issue, a novel strategy could be developed where the 

reduction process itself gives a means to interlink the core-shell particles with the carbon surface. 

Chapter 3 deals with this work. This one pot synthesis of in situ modification of the support 

substrate and ex situ dispersion of the as formed core-shell structures is termed as surface-

modification-cum-anchoring (SMcA) strategy in this thesis.  

Main achievements of the work and future scope pertaining to the work are highlighted below:   

 The SMcA approach as illustrated in Chapter 3 deals with an effective one-pot synthesis 

strategy for developing well dispersed carbon supported core-shell nanoparticles of Pt 

possessing remarkable electrocatalytic activities.  

 The chronological addition of the metal precursors and reducing agent (here, ascorbic 

acid (AA)) is found to be critical because the oxidation products of AA during the metal 

ion reduction play decisive role in functionalizing the carbon surface and thereafter in 

anchoring the so formed core-shell particles on the surface. Therefore, excellent core-

shell features and high dispersion can be simultaneously ensured in this process. By 

employing the SMcA approach, Cu@Pt/C and Fe2O3@Pt/C electrocatalysts could be 

synthesized which possess core-shell features as well as good dispersion on the carbon 

substrate. Both the electrocatalysts delivered better ORR activity compared to Pt/C. 
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 Among the prepared catalysts, Fe2O3@Pt/C has delivered better ECSA and ORR activity 

compared to Cu@Pt/C. Most importantly, Fe2O3@Pt/C has shown higher performance 

for ORR at significantly low-Pt loading, possibly due to the less ohmic overpotential by 

the oxidic core moiety when the coating thickness is less. Therefore, in a system that 

possesses a less conductive core material, i.e. Fe2O3, it is mandatory to prevent the 

electrode thickness from exceeding a threshold level owing to the greater dominance of 

the core material with its higher mass fraction in the system. Exceeding the thickness 

beyond a threshold level upsets the ECSA, oxygen reduction kinetics, and polarization 

characteristics. On the other hand, in optimized systems, the core-shell (Fe2O3@Pt/C) 

material clearly outperforms the conventional Pt/C, leaving a great scope in the 

development of high performance, cost-effective low-Pt electrocatalysts possessing 

excellent electrochemical stability. 

 Overall, the realization of high-performance thin electrodes is expected to make radical 

changes in the design aspects of PEMFCs along with its potential to develop miniature 

cells for various niche applications.  

2. Low-Platinum based 3-D Hollow Nanocage Structure for Oxygen Reduction Reaction 

in Primary Zn-Air Battery.  

The thesis also deals with successful utilization of a Cu-Pt nanocage (CuPt-NC), which 

has a 3-D structural morphology, as a potential ORR electrocatalyst for primary Zn-air battery 

applications. Chapter 4 in the thesis is dedicated for highlighting the key aspects of this work. 

The key specialities of the nanocage morphology are the availability and exposure of higher 

number of active sites along with better molecular accessibility within the single crystal structure 

of CuPt-NC.  

The key aspects of the work are highlighted as below:  

 CuPt-NC with its high density of surface defects, potentially offers more active sites for 

facilitating efficient dissociative adsorption of oxygen, resulting into an improved ORR 

activity. The nanocage structure offers 3-D molecular accessibility, higher surface-to-

volume ratio, more electro-active centers and the interconnected arms which make the 
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nanostructure more stable and energetic for electrochemical applications. This could not 

be observed in the case of simple metal nanoparticles.  

 Mainly, the oxygen reduction electrocatalyst decides the overall efficiency of the metal-

air batteries. However, issues related to reactant accessibility and stability of the presently 

used Pt-electrocatalysts hinder the commercial viability of such systems. Therefore, to 

improve the performance of the energy storage devices, the concerns related to 

accessibility, activity and stability have to be sorted out. The strategy developed here 

effectively deals with this issue as the 3-D structure with easy accessibility favourably 

influences to achieve better oxygen reduction activity with higher stability in actual 

operating conditions.  

 The fabricated battery set-up with CuPt-NC as the air-electrode showed higher open 

circuit potential (~1.4 V) compared to the one with Pt/C (~1.3 V), and led to higher 

specific capacity and energy density (560 mAh/g-Zn, 728 Wh/kg-Zn, at -20 mA/cm2), 

which are superior compared to the performance of the Pt/C based system (480 mAh/g-Zn, 

624 Wh/Kg-Zn, at -20 mA/cm2). 

 Such engineered structures with property modulation have far reaching effects in 

devising active cost-effective oxygen reduction catalysts for metal-air batteries and other 

potential electrochemical devices where oxygen reduction activity dictates the overall 

efficiency such as fuel cells. 

3. Synthesis of Pt-free Core-Shell Electrocatalyst for Oxygen Reduction Reaction via 

Simple Water-in-Oil Emulsion Method 

Heteroatom doped (such as N, P, S and B) carbon nanostructures have attained 

substantial attention in recent years due to their excellent oxygen reduction activities under 

extreme electrochemical conditions. Very close or matching onset potentials for oxygen 

reduction compared to Pt have been reported on some of these materials. One important 

drawback of many heteroatoms doped and functionalized carbon nanomaterials is a significant 

compensation in terms of the electrical conductivity. The pre-oxidative treatments, multisteps 

involved during the synthesis and use of capping and reducing agents adversely affect the 

electrical conductivity. Under these tricky circumstances, the overall conductivity of these 
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materials gets affected, which, eventually, leads to higher ohmic drops in ORR. Since 

minimization of ohmic drop in the current (I)-voltage (V) polarization is essential in order to 

meet the operating power demands from a cell if such issues not properly addressed, the activity 

of the heteroatom doped catalysts will not be pronounced beyond a certain limit. Chapter 5 

explains how this issue could be tackled by using nitrogen doped graphene (NGr) deposited over 

Au nanoparticles to form core-shell structure. Here, the Au nanoparticle is encapsulated by NGr, 

where Au acts as the core and NGr as the shell. The Au concentration was maintained to be very 

low (10 wt. % Au and 90 wt. % NGr) and well featured core-shell nanoparticles were generated 

with good yield by adopting very simple water-in-oil (W/O) emulsion method. 

The main highlights of this work are as follows: 

 The method adopted here is unique and easily scalable. Reaction occurs within the 

droplets of the W/O “nanoreactors” as temperature goes up and stirring maintains the 

droplets size to be tiny and uniform. Finally, evaporation of water leads to encapsulation 

of Au with NGr (Au@NGr) giving good yield of the core-shell material. 

 Excellent core-shell features could be realized by TEM, XRD and electrochemical 

methods. Very good control over size and thicknesses of the core-shell phases is also 

achieved. A continuous layer of NGr and Gr is maintained throughout the surface of the 

Au nanoparticles, and in each particle, the Au phase is found to located nearly at the 

center.  

 Interestingly, an enhancement in the electrical conductivity of Au@NGr compared to Gr, 

NGr, Au@Gr (Au encapsulated with undoped Gr) and even Au nanoparticles could be 

observed. This is an important achievement as it has a significant role in minimizing the 

ohmic overpotential during electrochemical oxygen reduction process. Thus, the 

pertaining issue of the high ohmic drop on the heteroatom doped system could be 

effectively resolved here.  

 Similar to the electrical conductivity, a substantial reduction in the overpotential for 

oxygen reduction is also observed in the case of Au@NGr compared to NGr and Au 

particles as separate entities. This attributes to the modulations imparted by the core-shell 

interactions. Valid evidences on such interactions could be gained through XRD, 
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HRTEM, Raman and XPS analyses. The cyclic voltammetric, rotating ring-disk electrode 

and linear sweep voltammetric analyses shed light on the improvement of catalytic 

efficiency by the core-shell material.   

 The strategy adopted here opens up a great scope for adopting new ways to develop cost-

effective metal-graphene core-shell nanoparticles. The study highlights the crucial role 

played by a highly conducting metal core, in its low concentration, in influencing the 

active sites located at the graphene shell layer to shift the reaction kinetics to the 

favorable four electron reduction pathway. As a future prospective, a large number of 

metal-Gr core shell systems can be developed by adopting the same strategy, which is 

cost-effective and easily scalable. 

3. Pt-Free 3-Dimentional N-doped Graphene Interpenetrated Ni-Nanocages as an 

Efficient and Stable Water-to-Dioxygen Electrocatalyst  

Oxygen evolution reaction (OER) has achieved popularity for various energy conversion 

and storage applications, such as, solar to fuel conversion devices, water splitting, metal-air 

battery, etc.  However, the total efficiency of the system is decided by the OER active material. 

The Ir-oxide and Ru-oxide based systems are considered to be the best for OER. However, the 

cost and scarcity are the major challenges of these systems, which hamper the prospects of their 

commercialization. Chapter 6 of the thesis deals with the employment of a water-in-oil (W/O) 

emulsion technique to synthesize Ni-nitrogen doped graphene (Ni-NGr) based nanocage 

structure, which is cheap, cost effective and also highly active for OER.  

The key aspects related to the process, structure and activity are summarized below: 

 The process described is simple and easily scalable. The reaction is executed inside the 

water droplets of an emulsion formed by water and oil. The water droplets act as the 

“nanoreactors” where mutually assisted redox reaction of Ni+2 and nitrogen-doped 

graphene takes place, leading to the size controlled formation of the Ni-NGr nanocage 

structures. 

 The tendency of carbon to get dissolved in Ni is the driving force for the formation of the 

Ni-NGr nanocage structure. A controlled interplay of the carbon dissolution property of 
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Ni and its dependency on the adsorption energy on the different crystal planes during the 

redox reaction inside the tiny water droplet lead to fancy Ni-NGr nanocage morphology 

with a higher surface-to-volume ratio and 3-D surface molecular accessibility.  

 Normally, in the case of metal particles, the molecular accessible areas or sites are less 

compared to the nanocage structures. Ni-NGr offers 3-D molecular accessibility, higher 

surface-to-volume ratio, more electro-active centers and the interconnected arms which 

make the nanostructures more stable and energetic for the electrochemical applications.  

 Ni-NGr nanocage structure has shown a lower overpotential of ~290 mV for OER at a 

higher current density of 20 mA/cm2. Ni-NGr has shown only 29 mV (at 20 mA/cm2) 

increment in overpotential after 500 potential cycles. This along with 

chronoamperometric investigation at higher current density (20 mA/cm2) confirms the 

better sustainability of such system in alkaline medium. The generated oxygen has been 

quantified by gas chromatography, and is found to be ~70 mmol/h. The amount of 

oxygen generated is almost same in the second cycle as well, which validates the high 

stability of the system. 

 The modulations affected in Ni-NGr has far reaching advantages in devising active cost-

effective catalysts for water splitting to convert solar-to-fuel and as an oxygen evolution 

catalyst for metal-air batteries and other potential electrochemical devices. 

 

 Future Prospects 

Based on the aforementioned key aspects of the prepared samples (Low-Pt and Pt-free) 

related to their synthesis, structure and performance, they can possess additional advantages in 

the field of water splitting, solar cells, batteries and transistor etc. The synthesized Cu-Pt and Fe-

Pt based core-shell and CuPt-NC structures can be effectively utilized as counter electrodes in 

the field of solar cells. Moreover, the fundamental understanding of variation in performance 

characteristics of PEMFCs with electrode thickness while dealing with the core-shell structured 

catalysts possessing less conductive cores stands out as an important guideline to design 

membrane electrode assemblies (MEAs) to develop miniature PEMFCs for various niche 

applications. In addition, the synthesized Ni-NGr nanocage structure can possibly be utilized as a 
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cathode electrode in combination with ORR catalysts in Zn-air batteries to convert the ZnO to 

Zn, which makes the system electronically rechargable.   

Despite the material aspects, the synthetic approaches developed during the course of the 

study can find additional benefits in building different types of electrocatalysts.   Mainly, the 

SMcA approach offers enough scope to design different shaped nanostructures of various 

transition metals with desired properties. We believe that apart from Cu or Fe (core) and Pt 

(shell), the SMcA approach can be extended to synthesize other potential metallic and 

semiconducting nanostructures for different energy conversion and storage devices such as solar-

to-fuel conversion, water-splitting, CO2-reduction, alcohol and amine oxidations etc. Moreover, 

the W/O emulsion technique can play major role in achieving ultra-low resistance across the 

metal-graphene contact in the field of graphene transistors, which has great future. This similar 

protocol (W/O emulsion) can be extended to build many more different metal-carbon based 

hetero-structures possessing higher surface area and hollow structures for the electrocatalysis. In 

addition, the high conducting and wide band gap hybrid materials can be synthesized by tuning 

the surface of metal-oxide with carbon layer.  

Especially, in case of Ni-NGr nanocage structures, a theoretical study can help to predict 

the exact mechanism and the role of nitrogen in building this kind of structures which can help to 

build other potential materials. In conjunction, the exact type of nitrogen which triggers the 

formation of the nanocage structure is still an open question for further studies. 

 

 



Vishal M. Dhavale  202 
 

List of Publications 
 

1. Vishal M. Dhavale, Sreekuttan M. Unni, Husain N. Kagalwala, Vijayamohanan K. Pillai, 

Sreekumar Kurungot, “Ex-situ Dispersion of Core–Shell Nanoparticles of Cu-Pt on an In 

situ Modified Carbon Surface and their Enhanced Electrocatalytic Activities”, Chemical 

Communication, 2011, 47, 3951–3953. 

2. Vishal M Dhavale, Sreekumar Kurungot, “Tuning the Performance of Low-Pt Polymer 

Electrolyte Membrane Fuel Cell Electrodes Derived from Fe2O3@Pt/C Core–Shell Catalyst 

Prepared by an in Situ Anchoring Strategy,” Journal of Physical Chemistry-C,  2012, 116, 

13, 7318–7326.  

3. Vishal M. Dhavale, Sachin S. Gaikwad, Sreekumar Kurungot, “Activated Nitrogen Doped 

Graphene Shell Towards Electrochemical Oxygen Reduction Reaction by its Encapsulation 

on Au Nanoparticle (Au@N-Gr) in Water-in-Oil “Nanoreactors”, Journal of Material 

Chemistry-A, 2014, 2, 1383-1390. 

4. Vishal M. Dhavale, Sachin S. Gaikwad, Leena K George, R. Nandini Devi, Sreekumar 

Kurungot,” Nitrogen-Doped Graphene Interpenetrated 3-D Ni-Nanocage: Efficient and 

Stable Water-to-Dioxygen Electrocatalyst,” Nanoscale, 2014, 6, 13179-13187. 

5. Pradip Pachfule,$ Vishal M. Dhavale,$ Sharath Kandambeth, Sreekumar Kurungot, Rahul 

Banerjee, “Porous-Organic-Framework-Templated Nitrogen-Rich Porous Carbon as a More 

Proficient Electrocatalyst than Pt/C for the Electrochemical Reduction of Oxygen”, 

Chemistry-A European Journal, 2013, 19, 974-980. ($These authors contributed equally to 

this work). 

6. Vishal M. Dhavale, Sreekumar Kurungot, “Cu-Pt Nanocage with 3-D Electrocatalytic 

Surface as an Efficient Oxygen Reduction Electrocatalyst for Primary Zn-Air Battery”, ACS 

Catalysis, 2015, 5, 1445−1452. 

7. Sreekuttan M. Unni, Vishal M. Dhavale, Vijayamohanan K. Pillai, Sreekumar Kurungot, 

“High Pt Utilization Electrodes for Polymer Electrolyte Membrane Fuel Cells by Dispersing 

http://pubs.rsc.org/en/content/articlelanding/2011/cc/c0cc05645f�
http://pubs.rsc.org/en/content/articlelanding/2011/cc/c0cc05645f�


Vishal M. Dhavale  203 
 

Pt Particles Formed by a Preprecipitation Method on Carbon “Polished” with Polypyrrole”, 

Journal of Physical Chemistry-C,  2010, 114, 14654–14661.  

8. Santosh Singh, Vishal M. Dhavale, Sreekumar Kurungot,”Low-Surface Energy Plane 

Exposed Co3O4 Nanocubes Supported on Nitrogen-Doped Graphene as an Electrocatalyst 

for Efficient Water Oxidation”, ACS Applied Materials and Interfaces, 2015, 7, 442-451. 

9. Anurag Sunda, Vishal M. Dhavale, Sreekumar Kurungot, Arun Venkatnathan, “Structure 

and Dynamics of Benzyl-NX3 (X = Me, Et) Trifluoromethanesulfonate Ionic Liquids”, 

Journal of Physical Chemistry-B, 2014, 118, 1831–1838 

10. Chinmay G. Nardele, Vishal M. Dhavale, K. Sreekumar, S. K. Asha, “Ionic Conductivity 

Probed in Main Chain Liquid Crystalline Azobenzene Polyesters”, Journal of Polymer 

Science Part-A: Polymer Chemistry, 2015, 53, 629-641. 

11. Rahul S. Diggikar, Vishal M. Dhavale, Dhanraj B. Shinde, Nihal S. Kanbargi, Milind V. 

Kulkarni, Bharat B. Kale, “Morphology Controlled Synthesis of LiV2O5/Ag Nanocomposite 

Nanotubes with Enhanced Electrochemical Performance”, RSC Advances, 2012, 2, 3231-

3233.  

12. A. B. Deshmukh, Vinayak S. Kale, Vishal M. Dhavale, Sreekumar Kurungot, 

Vijayamohanan K. Pillai, Manjusha V. Shelke, “Direct Transfer of Micro-Molded Electrodes 

for Enhanced Mass Transport and Water Management in PEMFC”, Electrochemistry 

Communications, 2010, 12, 1638-1641. 

13. D. B. Shinde, Vishal M. Dhavale, Sreekumar Kurungot, Vijayamohanan K. Pillai, 

“Electrochemical preparation of nitrogen-doped graphene quantum dots and their size-

dependent electrocatalytic activity for oxygen reduction”, Bulletin of Materials Science, 

2015, 2, 1-8. 

14. Mrigendra Dubey, Ashish Kumar, Vishal M Dhavale, Sreekumar Kurungot, Daya Shankar 

Pandey, “Water Affluent Homochiral MOF: An Efficient Container for Proton 

Conductance”, Inorganic Chemistry, Under Revision. 



Vishal M. Dhavale  204 
 

15. Vishal M. Dhavale, Santosh Singh, Sreekumar Kurungot, “Fe-Fe2O3 Deposited N-doped 

Graphene as an Activity Modulated Pt-Free Electrocatalyst for Oxygen Reduction Reaction,” 

Chemical Communications, Submitted. 

16. Shalini S, Vishal M. Dhavale, Sreekumar Kurungot, Vaidhyanathan Ramanathan, “Tuning 

proton conduction via stoichiometric loading of coordinating proton carriers”, Journal of 

Materials Chemistry A, Submitted.  

17. Santosh Singh, Vishal M. Dhavale, Sreekumar Kurungot, “Surface Energy Confined Co3O4 

Nanoparticles Supported on Nitrogen Doped Graphene: Efficient Oxygen Reduction 

Electrocatalyst for Mechanical Rechargeable Zinc-Air Battery”, ACS Applied Materials and 

Interfaces, Submitted.  

18. Shyamapada Nandi, Vishal M. Dhavale, Sorout Shalini, Ulrike-Werner-Zwanziger, Harpreet 

Singh, Sreekumar Kurungot, Ramanathan Vaidhyanathan, “Taking notes from MOF: Lithium 

assisted proton conduction at 150 °C in a microporous triazine-phenol polymer”, Journal of 

the American Chemical Society, Submitted.  

 

 

 



205 
 

 

 

Erratum  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



206 
 

 

 

 

 

 

 

 

 

 

 

 


	Front page-1
	Letter_Head copy
	DECLARATION-3-with sign
	Dedicated-4
	Acknoledgement-5
	List of Abbreavations-6
	TOC-7
	Abstract-8
	Chapter-1
	Chapter 2
	Chapter-3
	3.1. Introduction
	Part-A: Carbon Supported Cu-Pt Core-Shell Catalyst (Cu@Pt/C): Preparation, Characterization and Activity Evaluation.
	3A.1. Experimental Section
	3A.1.1. Synthesis of Functionalized Vulcan Carbon XC-72 (F-C)

	3A.1.2. Synthesis of Cu@Pt/C Core-Shell Structured Electrocatalyst
	3A.2. Results and Discussion
	3A.2.1. TEM Analysis
	3A.2.2. XRD Analysis
	3A.2.3. Infra-Red Spectroscopy
	3A.2.4.  XPS Study
	3A.2.5.  Thermogravimetric Analysis
	3A.2.6. Electrochemical Analysis

	Part-B: Single Cell Evaluation using the Carbon Supported Fe2O3-Pt Core-Shell System (Fe2O3@Pt/C) as the Cathode Electrocatalyst
	3B.1. Experimental Section
	3B.1.1. Synthesis of Functionalized Vulcan Carbon XC-72 (F-C)
	3B.1.2. Synthesis of Fe2O3@Pt/C Core-Shell Structured Electrocatalyst

	3B.2. Results and Discussion
	3B.2.1.  TEM Analysis
	3B.2.2. XRD Analysis
	3B.2.3. Infra-Red Spectroscopy
	3B.2.4. XPS Analysis
	3B.2.5. Thermogravimetric Analysis
	3B.2.6. Electrochemical Analysis of Fe2O3@Pt/C Electrocatalyst
	3B.2.7. Single Cell Testing of Fe2O3@Pt/C Electrocatalyst

	3.2. Conclusion
	3.3. References

	Chapter-4
	4.1. Introduction
	4.2. Experimental Section
	4.2.1. Synthesis of Nanoengineered Cu-Pt Intermetallic Nanocage (CuPt-NC) Structures
	4.2.2. Primary Zn-air Battery Testing

	4.3. Results and Discussion
	4.3.1. TEM Analysis
	4.3.2. XRD Analysis
	4.3.3. XPS Analysis
	4.3.4. Concept of Nanoengineering
	4.3.5. Concept 3-D Electrocatalytic Surface
	4.3.6. Electrochemical Analysis
	4.3.7. Primary Zn-Air Battery Analysis

	4.4. Conclusion
	4.5. References

	Chapter-5
	5.1. Introduction
	5.2. Experimental Section
	5.2.1. Synthesis of Gold@Nitrogen Doped Graphene (Au@NGr) Electrocatalyst
	Synthesis of Gold@Graphene (Au@Gr) Electrocatalyst
	5.2.3. Calculation of Uncompensated Resistance for iR Compensation Study

	5.3. Results and Discussion
	5.3.1. Concept of Nanoreactor and Mechanism of Formation of Core-Shell Structures
	5.3.2. TEM Analysis
	5.3.3. XRD Analysis
	5.3.4. Raman Analysis
	5.3.5. XPS Analysis
	5.3.6. Electrical Conductivity Analysis
	5.3.7. Electrochemical Study

	5.4. Conclusion
	5.5. References

	Chapter-6
	6.1. Introduction
	6.2. Experimental Section
	6.2.1. Synthesis of Ni-NGr Nanocage Structures
	6.2.2. Gas Chromatography (GC)

	6.3. Results and Discussion
	6.3.1. Concept of Nanoreactor
	6.3.2. TEM and SEM Analysis
	6.3.3. XRD Analysis
	6.3.4. Raman Analysis
	6.3.5. XPS Analysis
	6.3.6. Mechanism of Formation of Ni-NGr Nanocage Structure
	6.3.7. Electrochemical Study

	6.4. Conclusion
	6.5. References

	Chapter-7
	List of Publications-16
	Erratum-18

