
 



Electrochemical Energy Conversion 

Catalysts for Water Oxidation and CO2 

Reduction  

                                                                                                         

 

Doctoral Thesis, Dipartimento di Chemical e Chimica 

Industriale Università degli Studi di Genova  
 

  
 

All research was carried out at the Nanochemistry Department, 

Istituto Italiano di Tecnologia, Genova. 

 

Abinaya Annamalai 

March 2022 

 

Thesis submitted to attain the degree of Doctor of Philosophy in 

Science and Technologies of Chemistry and Materials 

 

 

Supervisors: 

 Prof. Liberato Manna  

 Prof. Delsante Simona  

 



ii | P a g e  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



P a g e  | iii 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

என் அம்மா மற்றும் அப்பாவிற்கு சமரப்்பணம்! 

(Dedicated to my Amma and Daddy!) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv | P a g e  

 

 

 

 

 

 

 

 



P a g e  | v 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi | P a g e  

 

 

 

 

 

 

 

 

 



P a g e  | vii 

 

Abstract 
 

 

 

ABSTRACT 

 

Numerous efforts have been made for the development of renewable energies to replace 

fossil fuels and thus reduce greenhouse gas emissions. Renewable energy has the 

advantage of having a limitless supply over time and is clean. This thesis reports on 

novel transition metal-based electrocatalysts for acidic water splitting and CO2 

reduction, which are two significant technologies to produce chemical fuels (i.e. H2 and 

C-based compounds) from renewable electricity. The target is to develop and 

investigate cost-effective, stable, and efficient electrocatalysts for acidic water splitting 

and CO2 reduction, replacing noble metals and achieving performances above the 

current state of the art. 

In the first part, the preparation and oxygen evolution properties of the oxygen plasma-

treated and acid-activated carbon paper are investigated. This part also presents the Ru 

incorporated Carbon paper, as an efficient, stable, and self-standing catalyst for OER 

in acid. This catalyst shows an overpotential of 230 mV vs. RHE at 1 mA cm−2, 

comparable to the other carbon-based materials. It shows a small Tafel slope of 74 mV 

dec-1 and 20 hours of stability at 10 mA cm−2. 

In the second part, the template-assisted wet synthesis and electrochemical OER studies 

of yolk-shell Co3O4/Co1−xRuxO2 hollow microspheres (MSs) are discussed. It 

demonstrates a lower overpotential of 240 mV at 10 mA cm-2 and a small Tafel slope 

of 70 mV dec−1. Also, the MSs exhibit high mass activity of 600 A g−1 and show high 

stability for 24 hours Chronopotentiometry tests at constant current densities of 10 and 

20 mA cm−2 in 0.5 M H2SO4.  

Finally, nanostructured CdSe/Cu3P/CdSe heterostructures (in the form of nanocoral and 

sandwiches), obtained through colloidal synthesis, were used as efficient 

electrocatalysts for CO2 reduction. The nanocoral and Sandwich structured catalyst 

demonstrated higher CO2-to- HCOO– conversion giving a FEHCOO– of about 60% and 

40% at –1.4 V vs RHE, respectively in 0.5 M KCl.  
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1 

INTRODUCTION 

 

1.1 Needs for renewable energy and storage 

Ever since the Stone Age, human civilization has been highly reliant on energy 

consumption, which has made energy demand an irony for basic requirements. This 

energy has been classified into two types, namely “renewable” and “non-renewable” 

sources of energy. Non-renewable energy resources are in limited supply, which 

includes Coal, Nuclear, Oil and Natural gases, owing to the fact that they require a long 

time to regenerate. These non-renewable resources have the advantages of providing 

power plants to generate excess power on demand. Renewable energy supplies on the 

other hand have the advantage of having a limitless supply over time and are clean 

energies, which includes Solar, Wind, Hydroelectric, Wave & tidal and Geothermal.1 

The enormous consumption of the non-renewable energies, especially those based on 

fossil resources (e.g. Oil, natural gas, and coal) and increasing environmental issues 

calls for the urgent development of clean and renewable energy. Numerous efforts have 

been made for the development of renewable energies for the replacement of traditional 

fossil fuels.  

 
Figure 1.1. World total primary electricity generation in 2020. Data: BP Statistical Review of 

World Energy 2021.Adapted from ref. 2 
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Figure 1.1 illustrates the  world  total  primary energy  supply  by  fuels  in  2020,  with  

61.3%  of  net-emission  fossil  fuels including  35.1%  of  coal,  2.8%  of  oil,  and  

23.4%  of  natural  gas,  respectively which are rich in carbon content. The world 

population is predicted to rise approximately by 36% in 2050, which is predicted to 

increase the energy consumption demand significantly, up to 193 PWh by 2050, from 

the present state of about 173.3 PWh in 2019.3, 4 However,  fossil fuels are non-

renewable sources of energy and provide a net-emission of carbon  dioxide  (CO2)  in 

the atmosphere,  which already results in visible world’s climate change, rise in sea 

levels, global warming etc,.5-7  Due to excessive use of fossil fuel, ever increasing 

environmental challenges and increasing global population, there is a significant 

demand for renewable alternatives and clean energy sources.8, 9 A "circular economy" 

is a system in which renewable resources are employed as main inputs and goods are 

recycled at the end of their life. Figure 1.2 illustrates potential sustainable paths to 

produce key fuels and chemicals, such as hydrogen, hydrocarbons, oxygenates, and 

ammonia, by either replacing or combining with the traditional energy production.  

 
Figure 1.2. Sustainable energy future. Schematic of a sustainable energy landscape based on 

electrocatalysis. “From10. Reprinted with permission from AAAS. 
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Water, Carbon dioxide and nitrogen which are present in the atmosphere and known as 

universal feedstock can be potentially converted into above mentioned products with 

electrocatalysts, through electrochemical process coupled to renewable energy. For 

instance, as a long-term source of hydrogen, the water splitting process, which consist 

of the hydrogen and oxygen evolution half-cell reaction, has attracted considerable 

attention.11, 12 Hydrogen is an appealing energy carrier that can be used to generate clean 

electricity in fuel cells, where the hydrogen oxidation and oxygen reduction reactions 

convert chemical energy into electrical energy and water.13, 14 The oxygen reduction 

process (ORR) can potentially produce hydrogen peroxide, which is used in the pulp 

and paper bleaching and water treatment sectors.15 Carbon dioxide captured from the 

atmosphere or directly from the point source, can potentially be used as a renewable 

feedstock in electrochemical devices for sustainable energy storage in the form of 

synthetic fuels or fuel precursors (such as CO, CH3OH, and CH4), or for commodity 

chemicals, via preliminary electroreduction.16 Similarly, the electroreduction of 

nitrogen to ammonia would allow for the synthesis of fertilizers sustainably and locally 

at the place of application and at the needed concentration, eliminating the inflexible 

large-scale, centralized Haber-Bosch process and its associated distribution expenses.17 

The development of improved electrocatalysts with the requisite efficiency and 

selectivity for the chemical reactions involved is critical to realizing this ambition. 

1.2 The Hydrogen economy 

The concept of hydrogen-based economy (with hydrogen as an energy carrier) was 

proposed in the writings of Jules Verne in 1874.  In  The Mysterious Island, a  character  

remarks that  “water  will one  day  be  employed as fuel, that  hydrogen  and oxygen  

of  which constitute it will be  used, simultaneously  or  in isolation, to furnish an 

inexhaustible source  of heat and light, of an intensity of which coal is not capable”.18, 

19  Progressive thinkers offered several ways to create and use hydrogen in a variety of 

applications between 1900 and 1960, but the price of fossil fuels was often low enough 

to make these prospects uneconomical. In 1970s, the oil crisis dove the world countries 

to evaluate their alternative to a fossil-fuel-based economy.  In the early 1970s,20, 21 the 

term "hydrogen economy" was used to represent the use of hydrogen to replace fossil 

fuels and as an alternative to all-electric economy proposed by the nuclear industry.  
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The all-electric economy, meant as stemming from inexpensive nuclear electricity in 

the 1970s, had some serious downsides, as the storage of electricity is expensive and 

difficult.20 The phrase hydrogen-electric economy was coined to express the possibility 

of combined potential benefits of the hydrogen economy and the all-electric economy 

such as production, transmission and sale of both energy carriers. To enhance system 

efficiencies, this concept integrates production, storage, and use.22  

1.2.1 Why hydrogen? 

The major advantages of using hydrogen to supply energy includes the following: 

hydrogen can be produced from clean energy sources; it can be distributed and stored 

in multiple ways, thanks to its high electrochemical reactivity. Additionally, hydrogen 

can replace fossil fuels, which provide electricity, and transportation fuels, domestic 

resources can be used to produce the hydrogen and lead to energy independence. 

Molecular hydrogen contains the highest energy density per mass (0.0899 kg/Nm3) of 

any chemical compound in the universe and is also a carbon-neutral chemical and 

would as such be an ideal energy carrier to power clean energy civilization. 

 
Figure 1.3. Sustainable pathways for hydrogen generation from solar energy. From23. 

Reprinted with permission from AAAS. 
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The figure 1.3 portrays the various methods that solar energy can be used to produce 

hydrogen, including thermolysis, biomass, photolysis, and electrolysis Thermolysis can 

directly split water at high temperatures, but it is hampered by the recombination of 

hydrogen and oxygen at that high temperature, which reduces its forward efficiency.  

Biomass conversion for hydrogen production is expensive and ineffective, and it cannot 

meet global economic, and energy demands without significantly reducing the amount 

of land required for food production. Photolysis' low conversion efficiency and 

instability make it unsuitable for practical use.24 Instead, the development of cost-

effective catalysts and green technology will be beneficial to the implementation of 

large-scale hydrogen production paired with renewable sources.25 Water electrolysis 

combined with renewable energy is regarded as the simplest approach for major 

hydrogen contribution. Water electrolysis, in comparison to other current methods, has 

the absolute advantage of producing exceptionally pure hydrogen (>99.9%), making it 

perfect for unique demands in industry, such as the fabrication of certain electronic 

devices that require the addition of high purity hydrogen.26  

A recent economic analysis of hydrogen production from renewable electricity based 

on market conditions in Texas, the United States, and Germany revealed a production 

price of $3.23 kg-1,27 which is low enough for niche applications including fuel cell 

vehicles but not yet competent with industrial-scale supplies from natural gas steam 

reforming ($2.67 kg-1).28 

1.3 Electrochemistry 

1.3.1 History 

The field of electrochemistry is a significant area of modern research that has brought 

together the fields of electricity and chemistry. Electrochemistry is the study, which 

deals with the conversion of chemical and electrical energy. The electrochemical 

processes are oxidation-reduction reactions in which the energy released by a 

spontaneous reaction is converted to electricity and the electrical energy is used to cause 

a non-spontaneous reaction to occur. This connection between the electricity and 

chemistry dates to 1793 when Alessandro Volta discovered that electricity might be 

generated by placing two different metals on the opposite sides of a moistened paper, 

which is the first battery. Similarly, in 1800, Nicolson used Volta’s battery to break 
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down water into hydrogen and oxygen, Nicolson used this method to convert electrical 

energy to chemical energy to electro synthesis variety of useful compounds. Later, 

Faraday demonstrated that the quantity of electricity consumed in an electrochemical 

reaction and the amount of electrolytic products have a quantitative relationship, paving 

the way for more systematic research on electrochemical reactions.  

Usually, the electrochemical cell consists of two electrodes: an anode (where oxidation 

occurs), a cathode (where reduction occurs) and an interconnecting electrolyte. 

Generally, these electrodes can be metals or semiconducting materials and the 

electrolyte can be either solution based (dissolved ions in in aqueous or organic 

solvents) or solid based (which is generally used in high temperature cells). Since these 

early examples and numerous fundamental insights into the kinetics and 

thermodynamics of electrochemical reactions by eminent scientists (to name few, such 

as Nernst, Volmer , Heyrovsky, Tafel, Frumkin, Pourbaix, Wagner, Marcus, Bockris, 

Gerischer and  Conway), electrochemistry has evolved into a broad multidisciplinary 

field that encompasses the physical, chemical, and biological sciences.  

1.3.2 Application of electrochemistry 

Electrochemical processes are employed in a variety of applications (figure 1.4), 

especially in industry, and their popularity is expected to grow since they may replace 

polluting chemical processes with nonpolluting electrochemical ones. The most 

important categories are listed below: 

• Metallurgy (Refining of important metals, for eg; copper is refined by 

electrolysis, extraction of Aluminum from Bauxite and Electrodeposition from 

molten salts)29, 30 

• Electroplating (An electrical current is used to coat an electrically conductive 

item with a thin layer of metal, for eg; corrosion protection, abrasion and wear 

resistance)29 

• Chemical industry (Electrolysis of Brine to produce chlorine and caustic soda)30 

• Chloralkali industry (Modern techniques span a wide range of applications, 

from the synthesis of various inorganic chemicals to the manufacture of 

synthetic fibers like nylon)30 
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• Galvanic (Voltaic) Cells (electrochemical cells that create electrical energy by 

spontaneous oxidation-reduction events)31 

• Batteries (storage of electricity is possible in batteries, major categories are 

Primary/dry cell and secondary batteries)32 

• Fuel Cells (energy conversion device which converts chemical energy to 

electrical energy, types of fuel cells are Alkaline Fuel Cell (AFC), Molten 

Carbonate Fuel Cell (MCFC), Phosphoric Acid Fuel Cell (PAFC), Proton 

Exchange Membrane Fuel Cell (PEMFC), Solid Oxide Fuel Cell (SOFC), and 

Biofuel Cell)33 

• Water electrolyzers/hydrogen generators (electricity is used to convert water 

into hydrogen and oxygen called electrolysis. Types of electrolyzers are proton 

exchange membrane (PEM), Alkaline Electrolysis Cells (AEC) and solid oxide 

Electrolysis Cells (SOEC))34 

• Biological research (transfer of nerve impulse, rapid detection of drugs, 

neurochemistry, Bacterial detection, skin physiology monitoring, biomarker 

detection)35  

• Electrochemistry in everyday life (torches, cell phones, hearing aid, digital 

watches, digital cameras, military application, sensors, etc.) 

 
Figure 1.4. Some technologies based on electrochemistry.   
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1.4 Water Electrolyzer 

Water electrolysis technology has advanced steadily over the last 200 years, from the 

discovery of the phenomena of electrolytic splitting of water into hydrogen and oxygen 

to the construction of modern electrolyzers. In 1789 J.R., Deiman and A.P. van 

Troostwijk utilized an electrostatic generator to discharge electricity through two gold 

wires put within a tube filled with water, producing the evolution of gases, following 

the discovery of electricity. Alessandro Volta invented the voltaic pile in 1800, and 

William Nicholson and Anthony Carlisle utilized it for electrolytic water splitting a few 

weeks later. 36 The gases produced during water electrolysis were identified as oxygen 

and hydrogen. Shortly later, Johann Wilhelm Ritter also discovered the same effect, 

independently. An Illustration of the electrolysis apparatus invented by Ritter is shown 

in figure 1.5. Faraday's law of electrolysis established the linear relationship between 

electrical energy consumption and the amount of gases produced with the evolution of 

electrochemistry. Finally, the concept of water electrolysis was established and 

accepted scientifically. Water electrolysis became a cost-effective way of creating 

hydrogen after Zénobe Gramme invented the Gramme machine in 1869. Dmitry 

Lachinov later developed a water electrolysis technology for industrial hydrogen and 

oxygen synthesis in 1888. Over 400 industrial water electrolyzers were in service by 

1902.37 An industrial electrolyzer dated early 1890s is shown in the figure 1.5 with a 

cylindrical iron which was first published in Scientific American Supplement.38  

 
Figure 1.5. An Illustration of the electrolysis apparatus invented by Ritter (left) and first ever 

used alkaline water electrolyzer (right). 38  

The decades from 1920s until 1970s were known as the “golden age” of the 

development of water electrolysis technology, when most of the traditional designs 
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were developed.39 The first large water electrolysis unit, with a capacity of 10,000Nm3 

H2/h, began operating in 1939, and later Zdansky/Lonza built the first pressurized 

industrial electrolyzer in 1948.37 Most of the technology components that are currently 

in use were developed in commercialized water electrolysis concepts during this 

period.40 Water electrolysis technology was largely spurred by the low cost of 

hydropower in the early 20th century, when there was a significant need for hydrogen 

to synthesize ammonia fertilizer. When hydrocarbon energy became widely used in 

industry, however, hydrogen produced by steam reforming natural gas and coal swiftly 

displaced it. Hydrogen generation via water electrolysis was progressing and 

developing at that time, but it was slowing down. Interest in water electrolysis for 

hydrogen production was low until the oil crisis of the 1970s, but it has since been 

resurfaced.41 Hydrogen was viewed as the future energy carrier and the key to solve the 

challenge of long-term energy supply. The goal of increasing the efficiency of water 

electrolyzers became a primary objective. With the introduction of PEM and 

pressurized water electrolyzers, new advancements were made at the cell level.42 

1.4.1 Principle of Water Electrolysis 

The basic principle of electrolysis is to use electricity to split water into oxygen and 

hydrogen, as electrolysis provides a direct method to produce H2 at 1 atm of pressure 

as well as to demonstrate the 2 : 1 H : O stoichiometry of water in the Eq. (1.3). The 

typical water electrolyzer unit consists of an anode, a cathode which is separated by a 

electrolyte, and a power supply. An aqueous solution containing ions, a proton 

exchange membrane (PEM), or an oxygen ion exchange ceramic membrane can be used 

as the electrolyte. In such system, when a direct current (DC) is applied to the cathode 

from the negative terminal of the DC source, the electrons are consumed at the cathode, 

where hydrogen ions or water molecules are converted to H2, reduction half-reaction 

happens, where the hydrogen is produced. Whereas the electrons produced by the 

electrochemical reaction in the cathode returns to the positive side of the DC source, 

where water molecules or oxygen-containing anions are converted to O2 gas (oxidation 

half-cell), which is illustrated in a figure 1.6 and by following equations. 
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For instance, the water electrolysis in an acid aqueous electrolyte the half-cell reaction 

happening at the anode and the cathode are described by Eq. (1.1) and Eq. (1.2) 

respectively. 

𝐻2𝑂 →
1

2
𝑂2 + 2𝐻+ + 2𝑒−  𝐸𝐻2𝑂∕𝑂2

0 = 1.23𝑉  1.1 

  2𝐻+ + 2𝑒− → 𝐻2   𝐸𝐻+∕𝐻2

0  = 0.00𝑉  1.2 

The overall reaction for an acid water electrolysis is: 

H2O → H2 +  
1

2
𝑂2     ∆𝐸0 = −1.23𝑉  1.3 

As mentioned earlier, the electrolysis of water is not a spontaneous reaction because 

the standard global reaction potential is negative, henceforth an external power source 

is needed and the overall reaction can be written as: 

H2O + electricity → H2 + 
1

2
𝑂2     1.4 

Thermodynamically, 1.23V is required for an ideal electrolyzer to split water into 

oxygen and hydrogen under standard conditions.43  

1.4.2 Reaction Mechanism 

 
Figure 1.6. Schematic illustration of Polymer exchange membrane (PEM) electrolyzer. 

Adopted and modified from44. 



P a g e  | 11 

 

 

Introduction 
 

 

In 1783, Antoine Lavoisier discovered and identified hydrogen, quantitatively proving 

that water is made up of two elements: hydrogen and oxygen. To produce hydrogen at 

the cathode and oxygen at the anode, the water splitting process requires a 

thermodynamic potential of 1.23 V at 25 °C. 

1.4.2.1 Hydrogen Evolution Reaction (HER) 

In electrochemistry, HER is a well-studied and documented reaction, and its 

foundations have been fully described in various studies. 12, 45-47 H2 can dissolve into 

hydrated protons in a reversible reaction (Eq. 1.5), making HER a multistep and 

reversible process.48 The volcano plot is a graph that shows the catalytic activity vs 

binding energy, according to which the Noble metals like Pt, Ir, Rh are place on top 

whereas other metallic catalysts are scattered on either sides depending on their binding 

energy.49 However, there are certain flaws in traditional volcanic plots according to 

Wolfgang Schmickler et al.,50. The ascending branch of volcano plot is quite 

conclusive, however the descending branch includes only metals covered by an oxide 

film during HER. As a result, when the oxide-coated metals are removed, the volcano 

plot vanishes. Furthermore, the Volcano correlation does not always account for the 

proton behavior at various pH levels. Hydronium ions, for example, are proton donors 

in acidic conditions, but water is the proton donor in alkaline media, as seen in the 

equation (1.5 & 1.6) below.  

2𝐻3𝑂− + 2𝑒− ⇄ 𝐻2  +  2𝐻2𝑂 In Acidic medium 1.5 

2𝐻2𝑂 + 2𝑒− → 𝐻2  +  2𝑂𝐻−  In Alkaline medium 1.6 

Volcanic activity was shown to be greater under lower pH circumstances, which could 

not be explained by the volcano relationship. The hydrogen binding energy appears to 

be insufficient as a description for the process. The following elementary steps shows 

the HER reaction in acid:  

Volmer step or Initial discharge of proton: 

𝐻3𝑂− + 𝑒−  →  𝐻𝑎𝑑𝑠  + 𝐻2𝑂                 1.7 

Heyrovsky or atom + ion step: 

𝐻𝑎𝑑𝑠 + 𝐻3𝑂+ + 𝑒−  →  𝐻2 +  𝐻2𝑂    1.8 
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Tafel or atom + atom step: 

𝐻𝑎𝑑𝑠 + 𝐻𝑎𝑑𝑠 →  𝐻2      1.9 

The strength of the Hads-M interaction, which can be estimated using the free energy of 

hydrogen adsorption ∆GHads, has a significant impact on the catalytic reaction rate.51, 

52 Figure 1.7 depicts Trasatti's experimental plot of the logarithm of the exchange 

current densities (J0) versus the energy of chemisorption of hydrogen on various metals 

(Hads-M) for HER in acidic solution.49  

 

Figure 1.7. Volcano plot for HER on metal electrodes in acidic media. Reproduced with 

permission from49. Copyright © 2019 Royal Society of Chemistry. 

The metals with large and negative ∆GHads correlate to the right slope of the 

experimental volcano plot (figure 1.7). Hads interacts aggressively with the surface in 

this scenario, resulting in a rapid discharge step but significantly limiting further 

protonation or recombination stages. Metals with high and positive ∆GHads correlate to 

the left slope. The adsorbate creates a weak bond with the surface in this case, resulting 

in a slow discharge step that slows down the total turnover rate. In summary, if the 

strength is too weak, the adsorption (Volmer) step will slow down the overall rate, but 

if the strength is too high, the desorption (Heyrovsky/Tafel) step will slow down the 

overall rate. As a result, ∆GHads around zero is an acceptable requirement for an active 

HER catalyst, which is essential but not sufficient. In other words, any element with a 

volcanic position near to zero, like as Pt, is predicted to be an effective HER catalyst. 
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Based on the above elementary steps, two alternative mechanisms can be visualized: 

Volmer-Tafel and Volmer-Heyrovsky. 

Volmer-Tafel: Protons are discharged first (Volmer step), and hydrogen coverage on 

the catalyst's surface rises as a result. With increasing hydrogen coverage, the chances 

of two adsorbed H atoms forming a molecule increase. Subsequently, the rate of 

discharge matches the rate of hydrogen recombination and creation of H2.  

Volmer-Heyrovsky: The proton discharge mechanism is the same as the above Volmer-

Tafel mechanism. The probability of protons colliding with the adsorbed H itself 

increases as the H coverage increases in this route (assuming negligible Volmer-Tafel 

pathway). The discharge reaction and electrochemical desorption eventually find an 

equilibrium, resulting in a steady state.   

1.4.2.2 Oxygen Evolution Reaction (OER) 

The other half-cell reaction in water electrolysis is OER, the reaction pathway highly 

depends on pH of the solution. Since OER is a four electron-proton coupled reaction, it 

takes more driving force to overcome the kinetic barrier than HER.53 This is because 

there are many different types of potential activation stages that determine the total 

reaction rate. To date, many researchers have hypothesized mechanisms for oxygen 

release reactions at anode electrodes in acidic or alkaline environments. Understanding 

the activity trends can be aided by a quick description of the OER process on the surface 

of transition metal oxide.54 Adsorption and desorption of metal active sites on a variety 

of oxygen-containing intermediate species are involved in oxygen evolution 

reactions.55, 56 However, based on experimental data, none of the OER processes 

hypothesized for heterogeneous catalysts has been thoroughly verified. Bockris 

developed kinetic models for a range of distinct possible OER processes in a 

groundbreaking study.57 Bockris established that the Tafel slope, which can be seen in 

electrocatalytic measurements, is dictated by the rate-determining step (RDS) inside a 

reaction mechanism, and that only the RDS reactant can build up a large surface 

concentration.57 The first step in all the pathways is the production of an intermediate, 

where H2O adsorbs to the metal surface to form M-OH. After that, M-OH combines 

with OH- to form the significant intermediate MO. There are two methods for producing 

oxygen from the MO intermediate product, as shown in Fig. 1.8(a) One is the green 

pathway, which produces oxygen by combining two M-Os directly; the other is the 
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production of oxygen through the formation of MOOH intermediates and subsequent 

breakdown, which includes acidic and basic processes. 53 Regardless of these variances, 

the overall mechanism of OER for oxides in acidic and alkaline solutions are stated 

below in figure 1.8(b).  

 
Figure 1.8. (a) The OER mechanism for acid (blue line) and alkaline (red line) conditions. The 

black line indicates that the oxygen evolution involves the formation of a peroxide (M-OOH) 

intermediate (black line). Reproduced with permission from53. Copyright © 2017 Royal Society 

of Chemistry. 

In most cases, the catalyst, such as surface-bound peroxo- or oxo-species, stabilizes the 

OER intermediates. The activation barriers between these intermediates and the 

peroxo- or oxo-species stabilities decide the determined step to the rate and, ultimately, 

the total rate of water oxidation. Reaction parameters (such as pH) and catalyst 

materials influence surface intermediate characteristics.  

 
Figure 1.9. Proposed reaction mechanisms for the oxygen evolution reaction using DFT 

calculations. Reproduced with permission from58. Copyright © 2016 Advanced Energy 

Materials. 

Rossmeisl et al. proposed another pathway for the OER mechanism through DFT 

calculations as given in figure 1.9.59-61 The Gibbs free energy of each reaction (∆RGx) 

inside the mechanism was determined as a function of the electrode potential using 

those results. Only basic processes in which an electron is exchanged with the electrode 

are studied in this context, as only these steps are directly dependent on the electrode 
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potential. To assist the overall reaction, a primary condition, ∆RGx of every reaction 

step has to be ≤0 J mol−1 (figure 1.10). Within this boundary condition, the total of ∆RGx 

of the individual reaction stages must be equal to the ∆RG of the overall reaction to 

obtain oxidation from water to O2. 

 

Figure 1.10. Gibbs free energies of assumed reaction intermediates of the oxygen evolution 

reaction (OER) on a (110) RuO2 surface. The Gibbs free energies are depicted for three different 

electrode potentials: 0 V, 1.23 V (equilibrium potential of the overall reaction) and 1.60 V vs 

standard hydrogen electrode (SHE). At 1.60 V vs SHE the OER becomes thermodynamically 

feasible (∆RG ≤0 eV under the considered conditions). Reproduced with permission from61. 

Copyright © 2007 Elsevier. 

However, each reaction step might have a different ∆RGx. ∆RGx of each step varies 

evenly with electrode voltage if one electron is transported to the catalyst in each stage. 

The reaction phase with the greatest ∆RGx (at 0 VSHE) demands the highest electrode 

potential to become downhill in ∆RG (step 3 in Figure 1.10, requires 1.60 V). This 

suggests that all oxygen evolution reaction steps are exothermic at potentials greater 

than 1.60 V which is referred to as the potential determining step (PDS).62 As a measure 

of the electro-catalytic activity of various surfaces, we shall utilize the lowest potential 

at which all reaction steps become downhill in free energy. As a result, some reaction 

steps may require a higher electrode potential than the overall reaction's standard 

potential (E0 = 1.23 V) to achieve the ∆RGx ≤0 J mol−1 criterion (see Figure 1.10). ∆RGx 

of the reaction stages (see Figure 1.4.5 and Figure 1.4.6), in contrast to the overall 

reaction, is a function of the adsorption energy of the intermediates and hence is a 
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function of the catalyst. As a result, the catalyst determines the amount of potential 

necessary to promote the total reaction. Although the model is based solely on 

thermodynamics and does not account for any kinetic barrier, the validity of the 

suggested mechanism looks acceptable because it accurately captures the reactivity 

trend on various catalysts.  

This concept, however, does not imply that there are no kinetic barriers; rather, it 

implies that the kinetic barriers increase with the thermodynamic barriers, allowing the 

reactivity trend to be qualitatively described. In addition, the assumption at reaction 

mechanism, see figure 1.4.6, is that proton and electron transport are connected in every 

step. Indeed, Nakagawa et al. discovered that the OER overpotential on a heterogeneous 

Ir oxide catalyst is unaffected by the pH, implying that the proton/electron transports 

are linked.63, 64 However, the occurrence of a coupled or, rather, sequential proton 

electron transfer can be influenced by the intensity of the contact between the catalyst 

and the intermediates, and hence might be influenced by the catalyst itself.64 The ∆RGx 

of the reactions in mechanism (Figure 1.10) must be adjusted by tailoring the binding 

energy of the M–OH, M–O, and M–OOH intermediates in order to decrease the 

potential necessary to initiate the reaction thermodynamically on a given catalyst. These 

binding energies are linearly coupled, as established by Rossmeisl et al., and so cannot 

be altered independently. 60, 61 

 
Figure 1.11. Volcano plot for OER on metal electrodes in alkaline media.  Activity trends 

towards oxygen evolution, for rutile, anatase, Co3O4, MnxOy oxides. The negative values of 

theoretical overpotential were plotted against the standard free energy of ΔGHO*−ΔGO* step. 

Reproduced with permission from59. Copyright © 2011 John Wiley and Sons. 
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Figure 1.11 shows the activity order suggested by theoretical calculations for the 

oxides, the volcano plot mechanism for OER is as similar to HER, which has been 

explained in detail above, whereas the adsorption towards oxygen in case of OER and 

hydrogen in HER.59 However, the reaction process is more flexible for the oxides 

towards the volcano's peak, where the intermediates have a better interaction strength 

compromise. For example, in case of Co3O4 the size of crystallites varies with the 

calcination temperature, and it is nonstoichiometric with an excess of oxygen.65 It has 

also been discovered that the overpotential of Co-oxide nanoparticle electrocatalysts is 

size-dependent, with smaller particles having lower overpotentials.66 In the figure 1.11 

(b), three different overpotential experimental values are compared with the computed 

ones. From left to right, the value reported by Singh et al.67 was the most active, 

followed by three values reported by Esswein et al.66 In the case of NiO, there was also 

a tiny disagreement; however, the theoretical value was computed for a perfect single 

crystal NiO, but NiO is likely to have a more intricate composition, including species 

in higher oxidation states, in reality.65, 68 In the extremely corrosive OER environment, 

the real surface of an oxide catalyst can oxidize and/or dissolve. Some oxides, for 

example, ReO2, NbO2, MoO2, CrO2 and VO2
68 are not stable.68 Nevertheless, the 

theoretical values may be useful as a guide in developing mixed oxides with increased 

activity.69-73 

1.5 Parameters used to evaluate the catalytic activity 

Continuous efforts have been made in recent years to the development of effective, 

robust, and low-cost electrochemical water splitting catalysts. The main objective is to 

lower the energy barrier and enhance electrocatalytic efficiency as a result. Typically, 

the catalytic performance of the gas evolution is assessed primarily by determining the 

catalytic current density or the volume of gas produced. Both half-cell reactions of the 

water splitting process are highly polarized. Although hydrogen and oxygen evolution 

occur at the cathode and anode respectively, critical experimental parameters used to 

measure their total electrocatalytic activity are the same, with the following being the 

most important in electrocatalysis. 
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1.5.1 Overpotential (η) 

When assessing the performance of electrocatalysts, one of the most important 

parameters is the overpotential (ƞ) at a given current density. There is no 

electrochemical process that takes place at the potential predicted only by 

thermodynamic considerations, ignoring the kinetic hindrances encountered in a 

practical system.59, 74, 75 As a result of these barriers, an additional driving force in the 

form of an extra potential, known as the overpotential, is required to conduct such 

electrochemical processes.  

There are three causes of overpotential: the activation overpotential, the concentration 

overpotential and uncompensated resistance (Ru), and the overpotential due to the 

resistance caused by the electrochemical interfaces. The activation overpotential is an 

intrinsic property of the material, which varies from catalyst to catalyst, can be reduced 

by choosing an efficient catalyst material. The rapid drop in the concentration near the 

electrode-electrolyte interface, as soon as the reaction begins, is the concentration 

overpotential, which can be minimized by stirring the electrolyte or by having a high 

concentration of electrolyte. The resistance overpotential is otherwise know is iR drop, 

which is usually subtracted from the experimental potential. The ohmic drop 

compensation is available in almost every electrochemical workstations 76 or it can be 

manually done by multiplying the current density by Ru which results in the potential 

(E). Since the HER's kinetics are quicker than that of the OER, the activation 

overpotential, also known as the onset overpotential, is more critical than the others.76-

78 The OER, on the other hand, is unique and need greater attention in order to compute 

the overpotential, which is explained in detail in the section 1.4.2.2. In short, all of the 

OER's hypothesized processes start with water coordination in acidic solution or 

hydroxide ion coordination in alkaline solution, and then proceed via a succession of 

subsequent simple stages. Each of these phases' kinetic barriers will contribute to the 

total activation overpotential of an OER catalyst. The theoretical OER overpotential 

(ƞOER) studied from their mechanism under ideal conditions with U = 0 vs standard 

hydrogen potential (SHE) can be expressed as: 

ƞ𝑂𝐸𝑅 = (
∆𝐺𝑚𝑎𝑥

𝑒⁄ ) − 1.23 𝑉              1.10 
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Since the kinetics of these basic stages vary from material to material, the overpotential 

at a fixed current density (j) such as 10 mA/cm2 (ƞ10) has now been widely regarded as 

an essential quantitative activity measure to evaluate an electrocatalyst.79-82 The same 

applies for HER as well, within the possible window of gas evolution, materials having 

a strong redox peak (providing a current density more than 10 mA/cm2) and high-

performance catalysts (giving current densities larger than 500 mA/cm2), such as 

layered double hydroxides.83-87 Alternate activity parameters include overpotential at 

larger current densities, such as 50 and 100 mA/cm2. 

1.5.2 Tafel Slope and exchange current density (J0) 

The Butler-Volmer equation, which is defined in terms of electrochemical kinetics, can 

be used to approximate the electrochemical kinetics, which is expressed as: 

𝐽 = 𝐽0 + ⦋exp (
𝑎𝛼𝑛𝐹ƞ𝑎

𝑅𝑇
) − exp (

𝑎𝑐𝑛𝐹|ƞ𝑎|

𝑅𝑇
)⦌             1.11 

where J0  is  the  exchange current  density,  α  is  the  transfer  coefficient  of  the  anode  

or  the  cathode  (αa+ αc=1,  usually,  αa=  αc=0.5),  F  is  the Faraday  constant,  T  is  

absolute  temperature, and  n  is  the  number  of  transferred  electrons  (OER  involves  

four  electrons while HER involves two electrons). The Tafel plot of an electrocatalytic 

process is usually derived by replotting the polarization curve (e.g., linear sweep 

voltammogram (LSV)) as a plot of log(j) vs   overpotential  η, which is derived from 

Butler-Volmer equation, assuming that the applied potential is distant from the 

equilibrium potential, with a substantial overpotential (|η| >> RT/nF).  

The correlation between the iR-compensated overpotential and the current density, 

which is written as follows, determines the slope of the linear section of the Tafel plot: 

𝑑 𝑙𝑜𝑔|𝐽|

𝑑ƞ
= 2.303𝑅𝑇 𝛼𝑛𝐹⁄                1.12 

The Tafel plot is frequently used as a main criterion for determining or comparing the 

catalytic activity. When ƞ is at the y-axis, catalysts with strong charge transfer 

capabilities are predicted to have a small Tafel slope, indicating quick reaction kinetics. 

The Tafel slope, however, is only a quantitative analysis for revealing different 

electrocatalytic kinetics and mechanisms of electrocatalytic activity because it is based 



20 | P a g e  

 

 

 
Introduction 

 

on the assumption that a number of parameters are constant, such as the value of a 

symmetry factor, surface coverage, and so on.57, 76, 88 

1.5.3 Stability 

Cyclic voltammetry (CV) cycling at a fast scan rate, also known as the accelerated 

degradation test, as well as chronoamperometric or chronopotentiometric tests, 

commonly determines the stability of the electrocatalyst. Since the polarization starts 

from 0 V vs NHE, in HER, the accelerated degradation test is carried out for several 

thousands of cycles. Whereas in OER the number of cyclic voltammetry ranges from 

250 to 1000, sometimes even beyond but it is rare. After the accelerated degradation 

test, the overpotential at a defined current density of 10 mA/cm2 (ƞ10) and the shift in 

onset overpotential (ƞ0) (cathodic for HER and anodic for OER) are measured as 

indicative parameters of stability, with a smaller increase in overpotential indicates 

higher stability. Form several minutes to hours, stability under constant exposure to a 

fixed potential (chronoamperometry) or a fixed current density (chronopotentiometry) 

is investigated. Constant current density (e.g., 10mA/cm2) for more than 12 hours by 

chronoamperometry or negligible increase in overpotential at a current density of 

10mA/cm2 for more than 12 hours by chronopotentiometry is widely accepted as the 

stability study for a catalyst for both OER and HER. Catalysts with strong redox 

potential and high performance could be studied for longer time even with higher 

current densities like 50 or 100 mA/cm2 and their corresponding potentials.89, 90 

1.5.4 Mass and Specific Activities 

The other two quantitative active parameters used to define the catalytic activity are 

mass and specific activity. Mass activity (A/g) is obtained by normalizing the current 

the catalyst loading, whereas the current normalized by electrochemical surface area 

(ECSA) is the specific activity, 91 which is always determined at a specific 

overpotential. Apart from the above normalization methods, the other normalization 

methods accepted by the research community are listed in the table 1 with their merits 

and demerits. Among the various parameters discussed above, the overpotential, Tafel 

slope, and stability as most important and mandatory to define the electrocatalytic 

activity of a catalyst. 
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Table 1.1. Merits and Demerits of Various Current Normalization Methods Used in 

Electrocatalysis of Water Splitting. Reproduced with permission from88. Copyright © 2016 

American Chemical Society. 

Normalization 

Method 

Merits Demerits 

Geometrical 

method 

• Widely accepted and 

used method. 

• Fair comparison with 

existing literature 

reports is easy. 

• Good for planar 

electrodes such as 

foils and deposited 

thin films. 

• Does not reflect the intrinsic catalytic 

property of the catalyst. 

• May vary depending on catalyst loading and 

its optimization. 

• Ceometrical area of the substrate electrode is 

not equal to actual surface area of the catalyst 

participating in catalysis. 

 

ECSA • Can reflect the 

intrinsic catalytic 

property of the 

catalyst. 

• Loading-sensitive 

• Difficulties in determining the ECSA. 

• Large experimental inaccuracies between 

one method and other, such as CV and EIS 

studies comparison with existing reports 

would be tedious. 

BET surface 

area 

• Ease of determining 

the BET surface area 

• Most suitable for 

porous materials and 

catalysts 

• Loading-sensitive 

• Does not reflect the intrinsic catalytic 

property. 

• Leads to large error because not all gas 

adsorption sites are electrochemically active. 

• Not suitable for planar and thin film 

electrodes. 

Catalyst 

loading 

• Directly cares about 

the loading regardless 

of type of catalyst. 

• Suitable when same 

material is used at 

different loadings. 

• Direct comparison with theory and 

experiment is not feasible. 

• Does not reflect the intrinsic catalytic 

property of the material. 

• Comparison of catalysts of various particle 

size (eg., mono- and polydispersed catalysts), 

density (eg., metals and metal aerogels), 

morphology (eg., catalysts with spherical, 

rod, wire, and sheet strucutres), and 

topography (eg., catalysts with smooth and 

rough surfaces) is not possible. 

• Comparison with existing reports is also not 

possible. 
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1.6 Types of Water Electrolyzers 

Based on the electrolyte membrane used the water, electrolysis cells are grouped into 

three categories: Alkaline Electrolysis Cells (AEC), Proton Exchange Membrane 

Electrolysis Cells (PEMEC) and Solid Oxide Electrolysis Cells (SOEC). Table 2 

summarizes the materials used in the components, as well as performance and cost data. 

1.6.1 Alkaline Electrolysis Cells (AEC) 

Alkaline Electrolysis Cells (AEC) represent a matured technology, as they have been 

used for large-scale industrial applications since 1920.92 Because noble metals are 

avoided and stack components are reasonably mature, AEC systems are commercially 

available, durable, and have a low initial capital cost.39, 93 Typically the electrodes are 

made of nickel-coated steel and the electrolyte is an aqueous alkaline solution 

containing NaOH or KOH, which operates at low temperatures (60–80°C). A 

diaphragm separates the two electrodes (Figure 1.12), which serves to keep the product 

gases separate from each other for efficiency and safety. The hydroxide ions (OHˉ) and 

water molecules must be able to pass through the diaphragm. During the electrolysis 

(hydrogen production process), the water breaks into hydrogen and OHˉ at the cathode 

terminal, after which the OHˉ ions permeates through the electrolyte and the diaphragm 

to the anode side, liberating oxygen. The two processes are described by the chemical 

reactions below:  

2𝐻2𝑂 + 2𝑒− → 𝐻2  +  2𝑂𝐻− At cathode            1.13 

2𝑂𝐻− →
1

2
𝑂2 + 𝐻2𝑂 + 2𝑒−   At anode            1.14 

The anode and the cathode cells are connected in series or in parallel in the module 

architecture, which are referred to as bipolar and monopolar, respectively. Compared 

to monopolar architecture, the bipolar one has the advantage of low ohmic losses and a 

compact design. The produced hydrogen is nearly 99.5% pure; nevertheless, an alkali 

fog in the gas must be eliminated, which is commonly accomplished through 

desorption. 

1.6.2 Proton Exchange Membrane Electrolysis Cells (PEMEC) 

Proton/Polymer membrane (PEM) electrolysis are based on a solid polymer electrolyte 

(SPE); this concept of water electrolysis was introduced to overcome the drawbacks of 
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AECs by General Electric in 1960s.94 However this technique is less established than 

AEC and is primarily employed for small-scale applications.95 High power density, 

very simple construction and cell efficiency, as well as the availability of highly 

compressed and clean hydrogen and the ability to operate in a flexible manner, are key 

advantages of this technology.93, 95 However, PEM electrolyzers are too expensive for 

general use due to the platinum catalyst and fluorinated membrane's short durability 

and high system complexity due to high pressure operation. As a result, current 

development efforts are focused on reducing system complexity to facilitate system 

scale-up while also lowering capital costs through lower-cost materials and more 

efficient stack manufacturing techniques.93, 95 PEM electrolyzers are more 

environmentally friendly because the generated gas does not contain an alkaline fog. 

This system has a substantially higher operational current density (10 A/cm2) than 

existing alkaline water electrolysis methods. PEM electrolysis facilities are also easier 

to balance, making them more appealing for industrial applications. PEM electrolysis, 

on the other hand, is more expensive than alkaline electrolysis due to the cost of the 

precious metals utilized as electrocatalysts. PEM electrolysis has being studied in the 

attempt to make it more efficient, and advances in electrode materials have been made. 

By 2050, the Department of Energy aims to have low-cost PEM electrolysis.96 The 

National Renewable Energy Laboratory of the United States of America has 

investigated PEM electrolysis as a viable technique for converting wind energy into 

hydrogen,97 and the costs of scaling up a PEM electrolyzer have been estimated. When 

hydrogen generation reaches 1000 kg/d, the cost of a PEM electrolyzer is predicted to 

drop to 1/4 of what it is now; existing hydrogen generation systems are limited to 10 

kg/d. As a result, large-scale PEM electrolysis for hydrogen production should have 

lower prices in the near future.98  

Improving the efficiency of electrocatalysts is a prominent technique for increasing 

water-splitting performance. Catalytic activity is a crucial indicator for evaluating the 

effectiveness of the any water electrolyzer. Another important factor to consider when 

evaluating the quality of electrocatalysts for water splitting is their long-term stability. 

There have been numerous investigations on nanostructured electrocatalysts for water 

splitting in PEM water electrolysis. For PEM water oxidation, RuO2 and IrO2 are the 

best catalysts, while Pt is the gold standard electrocatalyst for the hydrogen evolution 
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reaction (HER). However, the enormous costs of these precious metals prevents them 

from being used on a global level. To improve energy efficiency and electrolyzer 

stability, research on electrocatalysts for the oxygen evolution process (OER) with high 

activity, high durability, and low cost is required. Advances in this field could lower 

the cost of producing hydrogen and speed up the commercialization of the PEM water 

electrolysis technology. Synthesizing and studying iridium oxide-based electrocatalysts 

has taken a lot of time and effort. Adding a second, less expensive metal, such as Ru, 

Sn, or Co, to the electrode reduces the cost and improves the effectiveness. Another 

option is to adopt a preparation method that allows for precise control of electrode 

morphology at the nanoscale in order to improve electrocatalyst performance in the 

direction of OER. As a result, the adoption of less expensive metals and electrode 

preparation technologies that increase morphology at the nanoscale could lead to 

significant gains in electrocatalyst performance in the direction of OER. 99  

1.6.3 Solid-oxide Electrolysis Cells (SOEC) 

A third type of electrolyzer, the solid-oxide electrolyzer is a high temperature 

electrolyzer, can be used to effect high-temperature water splitting. This is is the least 

developed electrolysis technology to date. However, laboratory-scale systems have 

been designed and demonstrated94 and individual firms are actively attempting to 

commercialize this technology.100 Since the mid-1970s, Dornier has been working on 

the development of high temperature solid oxide electrochemical cells as part of the 

HOT ELLY technology initiative, which is financed by the German Federal Ministry 

for Research and Technology. The investigation of SOFCs has been included since 

1987.101 The electrolyte in SOECs is solid ion-conducting ceramics (Yttria stabilised 

Zirconia), which allows them to operate at significantly greater temperatures. High 

electrical efficiency, low material costs, and the ability to operate in reverse mode as a 

fuel cell or in co-electrolysis mode to produce syngas (CO + H2) from water steam 

(H2O) and carbon dioxide are all potential benefits (CO2).
95, 102 The high working 

temperatures cause significant material deterioration, which is a major issue. 

For commercialization of this technology, current research is focused on stabilizing 

existing component materials, creating new materials, and decreasing the operation 

temperature to 500-700°C (from 650 to 1000°C), at which water splitting is 

thermodynamically favoured.95, 103 The stream travels through the solid electrolyte's 
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cathode side, where hydrogen ions are converted to hydrogen, releasing oxide ions. The 

oxide ions then travel through the electrolyte to the anode, where they combine to 

produce oxygen molecules, resulting in an electron current that returns to the power 

source. 104, 105  

The reactions on two electrodes are: 

𝐻2𝑂 + 2𝑒− → 𝐻2  +  𝑂2−  At cathode           1.15 

𝑂2− →
1

2
𝑂2 + 2𝑒           At anode            1.16 

Even for high current densities, it is demonstrated that low electrode over voltages can 

be achieved.  101, 106, 107  

 
Figure 1.12. Conceptual set-up of three electrolysis cell technologies. Reproduced with 

permission from92. Copyright © 2013 Elsevier. 

Table 1.2. Main characteristic comparison table of AEC, PEMEC and SOEC systems. 

Reproduced with permission from92. Copyright © 2013 Elsevier. 
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Fast reaction of system components enabling dynamic operation; operation at reduced 

dynamic range (see Table 1.2) without compromising gas purity; and quick cold-start 

periods or energy efficient stand-by operation are all criteria for electrolyzers to operate 

with intermittent power sources.108 Benefitting from the intermediate operation 

PEMEC electrolyzer appears to be the best to meet the above requirements.109 Whereas 

SOEC and AEC are suitable as well to operate with intermediate power supply if their 

system components could be engineered.110, 111  

1.7 CO2 Reduction 

The enormous consumption of fossil resources has led to a massive increase in the 

carbon dioxide emission, which is one of the products of combustion, and is not a gentle 

component of the atmosphere.112 In general, the greenhouse gasses (GHG) are 

responsible for the climate change and rising sea level. 113, 114 According to the 

intergovernmental panel on climate change (IPCC, 2010), it is estimated that CO2 

contributes about 65% of all GHG emissions. Additionally, it is reported that 11% of 

CO2 contribution is from forestry and other land uses.115 A detailed breakdown of GHG 

emission contribution by gasses present as well as economic sectors are presented in 

Figure 1.13.  

 
Figure 1.13. Overall Global greenhouse gas emission by gas and CO2 emission by sectors. 

Source: IPCC (2014) based on global emissions from 2010 115 and IEA, 2019.116 

Despite the multiple contributions to each sector, locating the dominant source of 

greenhouse gas emissions is difficult. However, it is evident that the heat and electricity 

production combined with transport emission give a significant contribution of CO2 

emissions into the atmosphere.116 The CO2 emitted in the atmosphere stays for hundreds 

to thousands of years. According to IEA, the annual CO2 emission is about 40Gt and it 



P a g e  | 27 

 

 

Introduction 
 

 

increases up to 1.9% annually. As a result, producing environmentally friendly fuel and 

transportation fuels is critical if we are to cut GHG emissions and limit the rate of 

climate change. 

There are several ways available for CO2 mitigation. The first one is CO2 capture or 

removal from the atmosphere, and the second one is the energy savings or efficiency 

improvement. Finally, we have fuel shift, which means switching to fuels with lower 

CO2 emission.117  The CO2 capture and utilization is one of the effective ways to remove 

CO2 from the atmosphere. Usually, the captured CO2 is transported, liquefied and stored 

in the geological reservoirs for very long periods. However, the main drawbacks of this 

technique is the possibility of leakage, mainly on agricultural land 118 and other issues 

related to cost efficiency.119 The another pathway of post-carbon capture is the 

utilization of the captured CO2 in the production of fuels (CO and hydrocarbons), 

chemicals, microalgae fuels, concrete materials for building and used in oil recovery.120, 

121 The advantages of CO2 conversions compared to mitigation is the end products. 

Artificial CO2 chemical recycling i.e., CO2 capture and reduction, plays an essential 

role in removing CO2 from the atmosphere and provides a new energy source 

simultaneously through efficient CO2 reduction. Powered by either renewable energy 

or solar energy as input, carbon dioxide and water can be converted into fuels, which 

can be stored as long-term energy and used for household applications and 

transportation as and directly as industrial chemical. By this way, the carbon neutral 

energy cycle can be efficiently enabled as shown in the figure 1.14.  

 
Figure1.14. A carbon neutral energy cycle where CO2, powered by renewable energy, is 

converted to chemicals or fuels which can be used for home and transportation in a sustainable 

method. (Source: Greg Stewart/SLAC National Accelerator Laboratory).122.  
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1.7.1 Types of CO2 reduction 

The main methods to convert CO2 into other value-added fuels or chemicals are 

electrochemical (EC), photo-electro-chemical (PEC), and photochemical (PC) 

reduction. At first, electrochemical reduction technique was widely studied in 1860s, 

later in 1970s Honda and Fujishima et al.,123  demonstrated photochemical reduction. 

Photochemical reduction uses solar energy to convert CO2, which happens in the natural 

process called photosynthesis. The photocatalytic and/or photoelectrocatalytic 

reduction are developed from the photosynthesis process.124-128 Based on the harvest 

and transfer of solar energy the system can be classified into two: sensitizer and a 

catalyst, where the sensitizer absorbs light from the source and generates an electron-

hole pair, therefore the light harvesting system is the energy source. The main 

advantage of this system is that the absorber and the catalyst are separate and can be 

tuned and optimized individually. The second one is that the excited species themselves 

acts as a catalyst to reduce CO2, thus no other external sources are required.129, 130       

The EC requires external bias and PC needs illumination, whereas PEC operates with 

both external bias and illumination. CO2 is reduced to carbonaceous species in either 

case, and electric and/or solar energy is stored as chemical energy. Since the PEC 

involves both photo and electrochemical approaches, in general the reduction can be 

categorized into bias-catalyst system and photo-induced system. In the bias-catalyst 

system, the reduction takes place on an individual catalyst such as a metal-complex 

molecule, a metal or a semiconductor (figure 1.15). In case of EC, the external bias is 

used to stimulate the reaction with the help of the catalyst, which is loaded on the 

surface of the electrode. On the other hand, in PEC the process is similar except that 

the catalyst is coated on the photoelectrode, and the external bias is usually lower than 

that required for CO2 reduction, since the extra energy required will be compensated by 

the photovoltage generated at photoelectrode. In terms of PC, photocatalysts, which 

absorb light and typically form electron-hole pairs, would be the sole source of CO2 

reduction. The generated electron-hole pair are separated and are then transferred to the 

anode and cathode to participate in the oxidation and reduction half-cell reactions, 

respectively.  

In general, the term “catalyst” is referred to the species are which involved in the direct 

interaction with CO2, whereas in terms of photoelectrodes or light absorbing materials 
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it is also referred to as “photocatalysts”, whereas the reaction site is often referred as 

“co-catalysts”. New interfaces are created when (co-)catalysts are coupled with 

(photo)electrode systems for photo(electr-)chemical reactions, which is another topic 

of research. As the name suggests, a photo-induced system uses light as energy source 

to generate charge carriers. In this case, the formation of intermediates are different as 

compared to other systems and making it more complex. In addition, since optical 

source of energy is used, it is difficult to power thermodynamically unfavorable 

reaction like CO2.  

 
Figure 1.15. Schematics illustrating the electron sources and catalysts in the electrocatalytic, 

photocatalytic and photoelectrocatalytic systems. Reproduced with permission from131. 

Copyright © 2019 Elsevier. 

1.7.2 Electrocatalytic CO2 reduction 

Among the other methods, the  electrocatalytic  reduction  of  CO2  to  chemical  fuels  

has  attracted  great  attention  because  of  its  potentially  high  efficiency,  feasibility  

and  compatible integration  with  renewable  energies.132 Due to the extremely strong 

chemical bond in CO2 (C=O, 806 kJ mol−1), the electrochemical CO2RR usually needs 

large overpotentials to promote the sluggish kinetics. Also, this slower reaction kinetics 

lowers the energy conversion efficiencies even with the known highly active catalysts 

such as Pt, Pd, Ru, etc.133 Electrocatalytic CO2 reduction reaction (eCO2RR) can 
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convert CO2 into chemical energy in the form of fuels and chemical feedstock like CO, 

methanol, ethylene, propanol etc. (Table 1.3).134 Furthermore, because CO2 contains 

the most oxidized form of carbon, the CO2RR has a multi-electron transfer character, 

allowing different products to be obtained via different pathways (figure 1.16), resulting 

in the CO2RR's low selectivity for a single product. 

 
Figure 1.16. Illustration of an electrochemical CO2 reduction electrolyzer. Reproduced with 

permission from133. Copyright © 2020 Royal Society of Chemistry. 

A typical electrochemical CO2 cell is similar to a water electrolyzer, apart from the CO2 

being reduced in the former where hydrogen is evolved in the latter, in the anode part 

of the cell. Briefly, the electrochemical CO2 electrolyzer consists of an anode and a 

cathode, separated by a membrane, as shown in the figure 1.16. The CO2 is bubbled to 

the cathode and reduced to other products, while oxidation of water happens in the 

anode. Since CO2 and CO have only one carbon atom, during CO2RR and CORR, 

coupling of two adsorbed CO intermediates is highly possible. This is considered as a 

rate-limiting step in the formation of multi-carbon products.133, 135 Changing the 

coverage of adsorbed CO intermediates changes the reaction routes and, as a result, the 

final products' selectivity and yield substantially. Additionally, the industrial wastes are 

always a mixture of CO2 and CO, thus exploring this mixture is important.136  

2𝐻+ + 2𝑒− → 𝐻2   𝐸𝐻+∕𝐻2

0  = 0.00𝑉            1.17 

Table 3.1 shows the key products of the CO2 reduction with various equilibrium 

potentials from CO at -0.10 V to CH4 at +0.17 V vs RHE, carried out in standard 

atmospheric pressure and 25°C aqueous solution. Moreover, all the product formation 

is close to 0V vs RHE, which is thermodynamically more favorable for the hydrogen 

evolution reaction, suggesting that selectivity and tuning of the product is challenging. 
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The types of catalysts used play an important role on the reduced products, depending 

on the adsorption strength for the intermediates, as shown in the volcano plot for CO2 

on metals (figure 1.17). 10 

 

Figure 1.17. Volcano plot for carbon dioxide reduction on metals. Adopted and reprinted with 

permission from137. Copyright © 2019 Royal Society of Chemistry. 

Table 1.3. Electrochemical CO2 reduction reactions with equilibrium potentials. All of the 

standard potentials here are calculated via the Gibbs free energy of each reaction. Reproduced 

with permission from133. Copyright © 2020 Royal Society of Chemistry. 
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From the influence of the volcano plot, the catalysts can be divided into four categories: 

(i) The metals like Pb,138 In,139 Sn140 and Bi141 with weak binding energy to ECR 

intermediates: in which the C (carbon)-M (metal) bonds always break and large amount 

of formic acid is produced. Simultaneously this kind of catalyst acts as an electron 

source, which combines with *H weakly suppressing the HER. (ii) Ag, Au, Ga, Pd and 

Zn are assumed to bind to intermediates stronger than the metals discussed in category 

(i). However, these still weakly bind to metals that promotes higher adsorption capacity 

for *H. Because of the lack of protons in the reaction, the majority of the reduction 

products are CO by formula CO2(g) + 2H+ + 2e− = CO(g) + H2O(aq). (iii) Cu142-144 is the 

unique metal that can form C2+ compounds via a multi-electron reaction, has a 

reasonable binding energy for intermediate products, and suppresses the hydrogen 

evolution reaction. It is also notable that the oxides of Cu are capable of C2 or C2+ 

product formation with high faradic efficiency of ⁓70%.145 (iv) The C-M bond of Ni, 

Fe, Pt, and Ti is too strong, resulting in a significant hydrogen evolution process. Aside 

from metal catalysts, homogeneous catalysts such as transition-metal complexes with 

organic ligands,146 copper-based multinary sulfides (CMSs)147 and two-dimensional 

transition metal carbide/nitrides (MXene)148 have been widely described and studied in 

the electrocatalytic reduction of CO2.  

1.8 Scope of this thesis 

The aim of this thesis is to develop and investigate cost-effective, stabl,e and efficient 

alternative electrocatalysts replacing noble metal for oxygen evolution in acid water 

electrolyzer and alkaline CO2 reduction. 

Chapter 2: Oxygen evolution studies on Carbon paper and Ru incorporated 

Carbon paper in acid media investigates the oxygen evolution properties of activated 

carbon paper. This chapter also presents the detailed study of Ruthenium incorporation 

into the carbon paper and used as an efficient and stable catalyst for oxygen evolution 

catalyst in acid media.  

Chapter 3: Synthesis of yolk-shell Co3O4/Co1−xRuxO2 microspheres will present the 

template-assisted solution-based approach for the synthesis of yolk-shell microspheres. 

It also discuss about synthesis of various glycerolates followed by controlled reaction 
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with RuCl3 solution. Finally, effect of different annealing temperatures are investigated 

to achieve Co3O4/Co1−xRuxO2 microspheres as efficient catalyst.  

Chapter 4: Oxygen evolution investigation on the synthesized MSs in acidic 

medium will be discussed in this chapter. A comprehensive electrochemical 

characterization was carried out by utilizing Co3O4/Co1−xRuxO2 yolk-shell 

microspheres as catalyst and compared with commercial RuO2. The as-synthesized 

catalyst exhibited a lower over potential of only 240 mV at 10 mA cm-2 with excellent 

electrochemical stability for 24 h under constant current measurements in 0.5M H2SO4. 

Chapter 5: Cu-based Heterostructure as a Catalyst for eCO2RR in Alkaline 

Media. This chapter aims to design a sandwich and nanocorals like CdSe/Cu3P/CdSe 

Heterostructure. The synthesized catalysts used for the electrochemical CO2 Reduction 

in alkaline media. The heterostructues have optimal selectivity and stability for HCOO– 

in the liquid product obtained from NMR analysis, and CO as a gaseous product 

obtained from gas chromatography. 
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2 

OXYGEN EVOLUTION STUDIES ON CARBON 

PAPER AND RUTHENIUM INCORPORATED 

CARBON PAPER IN ACID 

 
The proton exchange membrane (PEM) water electrolyzer is the most promising water 

splitting electrolyzer because it can reduce electrolyte resistance and inhibit gas 

crossover, resulting in increased energy utilization efficiency.1, 2 However, due to a lack 

of oxygen evolution reaction (OER) catalysts with both high activity and acid medium 

stability, current PEM water electrolyzer technology is still limited.3 Presently, Ir-based 

metal catalysts are used as the state-of-art catalyst for the commercial PEM 

electrolyzers, but all this is limited by the high cost of Ir.4, 5 As a result, a lot of work 

has gone into developing low-cost alternatives including transition metal compounds,6 

perovskites,7 layered double hydroxides,7 and carbon-based hybrid materials.8, 9 These 

reported non-noble metal catalysts, on the other hand, frequently have poor OER 

performance, especially in terms of stability. Even with the addition of  earth-abundant 

elements such as Co, Ni, Mn etc., to the catalyst, the stability and activity is still 

limited.10  

Carbon materials have been widely employed to address global energy and 

environmental challenges because of their exceptional, tunable physicochemical 

features, great abundance, and low cost.11, 12 Due to their structural integrity, continuity, 

and purity, freestanding porous carbon membranes have considerable potential in 

catalysis, water treatment, biofiltration, gas separation, and optoelectronics.13, 14 

Especially carbon doped with heteroatom (e.g., N, P, B, and S) catalysts can improve 

the OER activity by enforcing charge distribution, distorting molecular orbital and 

breaking the electro-neutrality of nanocarbons.15-17 However, under acidic conditions, 

the OER performance of metal-free heteroatom-doped carbon materials is currently 

relatively unknown. Furthermore, the precise significance of heteroatoms, such as 

active sites and heteroatom doping types, is still unclear. As a result, developing highly 
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active metal-free heteroatom doped carbon materials and investigating their catalytic 

mechanisms will be critical in the development of acidic OER in the future. Carbon 

paper (CP) which is considered to have high mechanical strength and electrical 

conductivity is used as a current collector and as a support for various electrochemical 

reactions such as oxygen evolution, oxygen reduction, hydrogen evolution, 

electrochemical CO2 reduction, etc.18 In addition to its use as catalyst support, carbon 

can be used as a catalyst on its own. Most of the carbon materials used in catalysis are 

graphitic (for example carbon black, activated carbon, carbon fibers, carbon aerogels, 

xerogels). 

In this chapter, the activated carbon paper (ACP) and Ru incorporated CP (AACP–N–

Ru) are investigated as the freestanding oxygen evolution electrode (anode). 

2.1  Experimental section  

2.1.1 Activation of Carbon paper 

Carbon paper (CP) (Toray 090) was purchased from the fuel cell store. Before usage, 

the CP was treated with plasma at 500 mTorr in O2 atmosphere for 10 minutes on both 

sides this is represented as OCP, followed by soaking in 3 M H2SO4 for 12 h, the carbon 

paper was then thoroughly washed with ethanol and deionized water and dried at 60℃ 

to obtain activated carbon paper (ACP). 

Electrochemical measurements 

All the electrochemical studies in this chapter are carried out with the three-electrode 

system. The working electrode is the 1*1 cm2 ACP, a platinum rod is used as a counter 

electrode and Ag/AgCl (3.8 M KCl) is used as the reference electrode. The experiments 

were carried out in 0.5M H2SO4 (pH ⁓ 0.2). All the potentials were converted to the 

reversible hydrogen electrode (RHE) scale by using the following formula:  

𝐸𝑅𝐻𝐸 = 𝐸 𝐴𝑔
𝐴𝑔𝐶𝑙

+ 0.197 + 0.059𝑝𝐻 

The impedance analysis of the electrodes was performed at an applied potential of 1.7 

V vs. the Ag/AgCl electrode, in a frequency range from 0.1 Hz to 100 000 Hz, at a 

sinusoidal amplitude of 5 mV. Unless otherwise noted, the polarization curves were 

corrected for iR losses. 
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2.1.2 Physical characterization 

The XRD (fig. 2.1) of OCP shows the two characteristic peaks of graphite at 2θ = 26.5° 

and a slight peak at 2θ = 54.5° were observed specific to the (002) and (004) planes 

respectively.19  Fig 2.2(a) and (b) show the field emission scanning electron microscopy 

(FESEM) images and EDX mapping of the OCP, which was used to investigate the 

surface morphology revealed the array of carbon fibers-like structure with a diameter 

of about 10µm. The presence of fluorine stems from the fact that the commercial carbon 

paper is Polytetrafluoroethylene (PTFE) treated. 

 
Figure 2.1. X-ray diffraction pattern of oxygen plasma-treated carbon paper (OCP) and acid-

treated carbon paper (ACP). 

 

Figure 2.2. (a) FESEM image of oxygen plasma-treated carbon paper (OCP) (Scale bar:  50µm) 

and (b) the corresponding elemental mapping (Scale bar:  10µm). 

The FESM image of the acid-activated CP (ACP) is shown in figure 2.3(a); the 

morphology of carbon fiber is distorted because of the strong acid used. Figure 2.3(b) 

shows the elemental mapping of such fibers, the presence of Sulphur is detected since 

a 3 M H2SO4 solution is used for acid activation. 
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Figure 2.3. (a) FESEM image of acid-treated carbon paper (ACP) (Scale bar:  50µm) and (b) 

the corresponding elemental mapping (Scale bars:  25µm). 

 

 
Figure 2.4. Raman spectra of oxygen plasma-treated carbon paper (OCP) and acid-treated 

carbon paper (ACP). 

The structural changes were analyzed using Raman spectroscopy, as seen in the figure 

2.4 Raman peaks at l351 cm−1, l584 cm−1, 2706 cm−1, and 3235 cm−1 are graphite's 

characteristic peaks, which attributes to the D, G, D′(2D) and G′ modes, respectively.20 

The D and G bands are due to the respiratory vibration mode and stretching motion of 

the sp2 atom respectively. Such vibration from the D band causes the conversion of sp3 

from sp2 hybridization, which affects the intensity ratio of D and G band also 

represented as sp2/sp3 carbon atom ratio.21, 22  The intensity of the G band is much 

stronger than the D band suggesting the graphitic nature of the CP. During the plasma 

treatment, the oxygen plasma reacts with the active sites of the polymer chain on the 

surface which gives rise to the various species containing oxygen atoms.23 For this 
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reason, there is no physical or structural change in the oxygen plasma-treated CP, which 

is evident from XRD and Raman patterns. The oxygen plasma-treated CP is soaked in 

H2SO4 for acid activation, introducing defects and oxygenizing functional groups. The 

reflection of defect is seen in the Raman spectra leading to a rise in the intensity of the 

D band (defect band) compared to the OCP (fig. 2.4). This activated CP (ACP) is used 

as a freestanding working electrode for oxygen evolution in acid. 

2.1.3 Electrochemical characterization 

The Oxygen plasma-treated carbon paper (OCP) and ACP are directly used as a 

working electrode with the absence of any other kind of support or binders like nafion. 

A 1*1cm2 ACP electrode was immersed into 0.5M H2SO4, platinum wire is used as a 

counter electrode and Ag/AgCl is used as the reference electrode. 

 
Figure 2.5. (a) LSV curve of oxygen plasma-treated carbon paper (OCP) and acid-treated 

carbon paper (ACP) at a sweep rate of 10 mV S−1 and its corresponding (b) Tafel slope in 0.5 

M H2SO4. 

The Linear scan voltammograms (LSV) of ACP were carried out which exhibits an 

onset potential of catalytic current at ∼1.6 V vs. RHE, which corresponds to an onset 

overpotential of 370 mV, measured at 1 mA cm−2. The ACP also exhibits 620 mV 

overpotential at 10 mA cm−2. On the other hand, OCP exhibits a low onset potential of 

∼1.46 V vs. RHE, which corresponds to an onset overpotential of 230 mV, measured 

at 1 mA cm−2 and 570 mV overpotential at 10 mA cm−2 (figure. 2.5(a)), which is 

comparable with other metal-supported carbon materials and non-noble metal catalysts 

for OER in acid.24-26  

The kinetic of the catalyst is examined by Tafel slope, figure 2.5 (b) confirms that the 

ACP shows smaller Tafel slope. The ACP as a free-standing electrode with no substrate 
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or binder, favors the faster electron transfer rate and efficient diffusion makes it more 

favorable for OER kinetics. Figure 2.5(b) shows the Tafel slope of 560 mV/decade 

obtained from ACP and 669 mV/decade from OCP, which indicates the kinetics of the 

OCP electrode towards the OER. The Nyquist plots of impedance spectra are used to 

investigate the charge transport properties of these electrodes. In figure 2.6(a), the 

electrodes exhibited a single semicircle corresponding to charge transfer resistance at 

the catalyst–electrolyte interface.27 When compared to ACP, OCP exhibits the smallest 

semicircle, highlighting the superiority in charge transfer kinetics. The stability of the 

catalyst is an important parameter to investigate its robustness under such acidic 

conditions. So the electrodes are subjected to constant current measurements at 10 

mA/cm2. The LSV shows that ACP needs 1.8 V and 1.6 V vs. RHE to deliver 10 and 1 

mA/cm2 respectively. OCP needs 1.8 V and 1.46 V vs. RHE to deliver 10 and 1 mA/cm2 

respectively. Figure 2.6(b) shows the chronopotentiometry measurements of ACP and 

OCP at 10 mA/cm2.  

 
Figure 2.6. (a) Nyquist plots at 1.7 V vs. RHE and (b) Chronopotentiometry curves under a 

constant current density of 10 mA cm−2 of oxygen plasma-treated carbon paper (OCP) and acid-

treated carbon paper (ACP). 

Although the OCP performs better than the ACP, and the electrode is stable under 

constant current measurement at 10 mA/cm2, still the overpotential is high. Therefore, 

it is essential to decrease the overpotential and increase the stability, which can be done 

by incorporating active and stable materials into the carbon paper. Carbon-supported 

single atoms have been extensively studied due to their unique catalytic activity. There 

are several single-atom catalysts (Pt, Pd, Ir, Ru, Au, Co, Fe), which play an important 

role in catalysis, since 100% of the metal, can be dispersed on the reactive substrate. 28-
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30 As discussed earlier Ru is one of the stable and active metals for oxygen evolution in 

acid. So an attempt was made to incorporate Ru into the acid-activated CP. 

2.2 Incorporation of Ru into CP 

The concept of metal-nitrogen-carbon (M-N-C) dates back to 1964 when Co–

phthalocyanine exhibited oxygen reduction activity.31 Since then, various M-N-C 

catalysts have been widely synthesized and discussed; moreover, the catalytic 

mechanism has still been in debate. Here we have developed such M-N-C with a highly 

active metal for OER which is Ru incorporated into CP in the presence of urea to form 

AACP–N–Ru.  

 

Figure 2.7. Experimental scheme of incorporation of Ru into the Carbon paper. 

The raw CP was cut into small pieces with a size of 1 cm * 2.5 cm each, which was 

cleaned using sonication in Milli-Q water and acetone for 15 min, respectively. For the 

acid activation, an area of 1 * 1 cm2 of the CP was immersed into a solution mixture of 

45 mL 98% H2SO4 and 15 mL 68% HNO3 for 2 h at room temperature under stirring. 

Subsequently, the CP pieces were washed with Milli-Q water several times to remove 

acid residues and dried in the fume hood to obtain acid-activated CP (AACP). The 

AACP with the same activated area of 1*1 cm2 was then immersed into 1.0 mg mL–1 

RuCl3.xH2O solution for 15 h at room temperature under stirring. AACP–Ru3+ was 

obtained by washing with Milli-Q water several times to remove Ru3+ residues and 

dried in the fume hood. In the pyrolysis step, AACP– Ru3+ and 0.20 g urea were placed 

separately in a quartz boat, which was put in a tubular furnace (urea was 1.5 cm away 
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from AACP– Ru3+ in the upstream). The furnace was heated up to 800°C at a heating 

rate of 10°C min–1 and kept at 800°C for 1 h under Ar atmosphere to obtain AACP–N–

Ru. The furnace was allowed to cool down to room temperature. The experimental 

scheme of incorporation of Ru into the carbon paper is illustrated in figure 2.7. 

2.2.1 Physical characterization 

Figure 2.7 illustrates the outlined protocol of the freestanding Ru incorporated CP 

represented as AACP–N–Ru. The protocol involves three sequential steps, first the acid 

activation of the pristine CP, secondly the adsorption of Ru2+/3+ ions in the CP, and 

finally pyrolysis in the presence of urea. Raman spectroscopy was used to analyze the 

chemical changes involved. In the activation step, the pristine CP treated with oxygen 

plasma is immersed in H2SO4-HNO3 for acid activation, which introduces defects and 

oxygenizes functional groups.  

 
Figure 2.8.  (a) Raman spectra and (b) X-ray diffraction pattern of Ru incorporated carbon 

paper before and after annealing.  

Raman spectroscopy, which shows a large defect (D) peak when compared to pristine 

CP, supports the successful insertion of defects on AACP (Fig. 2.8(a)). Immersing the 

AACP in an aqueous Ru2+/3+ solution is expected to result in the subsequent adsorption 

of Ru2+/3+ to create AACP– Ru2+/3+. This is because the previously generated defects 

and oxygenates provide an abundance of locations for Ru2+/3+ ions to successfully 

coordinate.32, 33 Finally, the AACP– Ru2+/3+ was obtained by pyrolysis in the presence 

of urea at 800°C to obtain AACP–N–Ru, urea serves as the source of a nitrogen atom, 

proposed to stabilize the Ru atom. 

Figure 2.8(a) shows the Raman spectra of AACP–N–Ru, the Raman band remains 

detected, however, the bands have been broadened due to the incorporation of Ru and 
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N to the AACP which gives rise to the high order of defects.34 The XRD pattern does 

not show any diffraction peaks of crystalline Ru-based particles (Fig. 2.8(b)). Scanning 

electron microscopy (SEM) shows that the morphology of AACP–N–Ru is similar to 

that of OCP, suggesting that there is no change due to the acid activation and 

consequent pyrolysis.  

 
Figure 2.9.  (a) FESEM image of Ru incorporated CP before annealing (Scale bar:  50µm) (b) 

enlarged FESEM image and the corresponding EDX mapping (Scale bar:  5µm). 

 
Figure 2.10.  (a) FESEM image of Ru incorporated CP after annealing (Scale bar:  50µm) (b) 

enlarged FESEM image and the corresponding EDX mapping (Scale bars:  10µm). 

Followed by the FESEM, the energy-dispersive X-ray spectroscopy (EDS) was used to 

study the elemental mapping, which reveals the distribution of Ru and S. The presence 

of S in the carbon fiber was introduced from the acid activation. Followed by the 

successful incorporation of the Ru atom into the AACP (Fig 2.9 (a) and (b)). Upon 

annealing, there is even distribution on Ru onto the carbon paper with the nitrogen 

anchoring which is visible in the SEM image and the elemental mapping in figure 2.10 

(a) and (b). Along with the high mechanical strength and electrical conductivity of the 

electrode was expected to offer efficiency and robustness for oxygen evolution in acid. 
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2.2.2 Electrochemical characterization 

The AACP–N–Ru is investigated for electrochemical OER, the experimental 

conditions are stated above in the electrochemical measurement section. First, the 

Linear sweep voltammetry (LSV) was recorded, which exhibited a catalytic current at 

1.46 V vs. RHE, corresponding to an onset overpotential of 230 mV vs. RHE, measured 

at 10 mA cm−2. This corresponds to an activity that is higher than that of the activated 

carbon paper previously reported (Fig. 2.11(a)). The AACP–N–Ru shows a much lower 

Tafel slope (74 mV dec-1) compared to the OCP, which indicates a faster kinetics of 

OER (Fig. 2.11(b)).  

 

Figure 2.11. (a) LSV curve of Ru incorporated CP (AACP/S-N-Ru) at a sweep rate of 10 mV 

S−1 and its corresponding (b) Tafel slope in 0.5 M H2SO4. 

The Nyquist plot, shown in figure 2.12(a) relates to the kinetics of the electrode. 

Compared to OCP the semi-circle of AACP/S–N–Ru is smaller which highlights the 

superiority of OER kinetics in AACP–N–Ru. Apart from the better catalytic activity, 

the AACP–N–Ru also shows its inherent stability compared to ACP, the AACP–N–Ru 

stayed active for 20 hours at a constant current of 10 mA cm−2. The stability of the 

AACP–N–Ru freestanding electrode can be improved by increasing the Ru 

concentration into the Carbon paper. 

To confirm the structural changes after the electrochemical studies, the electrodes were 

analyzed by Raman spectroscopy. Since the oxygen evolution is an oxidation process, 

the graphite is oxidized to graphene oxide, which is evident from the figure 2.13 of 

Raman spectra. The Raman spectra of graphene oxide show the appearance of 

pronounced D peak at ∼1350 cm−1 and G peak at ∼1584 cm−1, which is attributed to 

the lattice distortions as reported previously.35 
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Figure 2.12. (a) Nyquist plots at 1.5 V vs. RHE and (b) Chronopotentiometry curve under a 

constant current density of 10 mA cm−2 AACP–N–Ru. 

 
Figure 2.13. (a) Raman spectra and (b) X-ray diffraction pattern of AACP–N–Ru after the 

chronopotentiometry measurement. 

In this case, the intensity of the D band increased in comparison with the OCP, which 

confirms the introduction of defects (Fig 2.13(a)). The FESEM showed no evident 

change in the morphology, demonstrating the robust nature of the carbon paper (Fig 

2.14 (a) and (b)). Moreover, the presence of Ru was not detected by the EDS analysis. 

It is hypothesized that the Ru might have oxidized to RuO4 during the reaction and 

leading to dissolution in the acid electrolyte. This explains the stability of the electrode 

becoming inactive after 20 hours under constant current. The EDS also confirm the 

presence of oxygen content in the electrodes, which is in line with the Raman results.  
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Figure 2.14. (a) FESEM image (scale bar: 50µm) and (b) enlarged FESEM image and the 

corresponding EDX mapping (scale bar: 15µm) of AACP–N–Ru after the chronopotentiometry 

measurement. 

The AACP–N–Ru was also studied as a hydrogen evolution catalyst in acid media, 

which is shown in the appendix A1.1.   

2.3 Conclusion 

We have demonstrated acid-activated carbon paper (ACP) and Ru incorporated carbon 

paper (AACP–N–Ru) as a freestanding electrode for oxygen evolution in acid. The 

preparation of these electrodes is simple, as ACP just needs acid activation of pristine 

CP whereas the preparation of AACP–N–Ru is a three-step process of acid activation, 

Ru incorporation, and pyrolysis. Although the ACP could be used as an electrode for 

OER the overpotential of such electrode is high and the stability is poor. Therefore, Ru, 

which is a very active metal for OER application in acid, was incorporated into the 

AACP. The successful incorporation was examined by SEM-EDS analysis, which 

proved the presence of Ru along with N, and S. Compared to ACP the Ru incorporated 

CP shows a superior activity with a low overpotential of 230 mV vs. RHE measured at 

1 mA cm−2, which is comparable to the other carbon-based materials. A small Tafel 

slope of 74 mV dec-1 is shown by the AACP–N–Ru indicating the higher kinetic of 

OER. The AACP–N–Ru demonstrated 20 hours stability at 10 mA cm−2 with only .6 

wt% of Ru loading into the AACP. Even though AACP–N–Ru performs better in terms 

of activity and stability compared to ACP, still the overpotential of this electrode is 

high. To reduce the overpotential and improve the stability a better catalyst has to be 

developed. 
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3 

SYNTHESIS OF YOLK-SHELL Co3O4/Co1−XRuXO2 

MICROSPHERES AS A CATALYST FOR OXYGEN 

EVOLUTION REACTION 

 

As discussed in the previous chapter, although AACP–N–Ru performs better in terms 

of activity and stability compared to ACP, its high overpotential hinders its use as an 

electrode for an electrolyzer. Thus, it is of utmost importance to find a better alternative 

catalysts that exhibit both reduced overpotential and improved stability. Up to date, 

ruthenium oxide (RuO2)
1 and iridium oxide (IrO2)

2 based catalysts were proved as 

potential candidates for OER in acid media since other earth-abundant elements are 

unstable under such harsh environment. Among the above-stated catalysts, RuO2 is 

considered more active than IrO2 in acid media since it exhibits up to 10 A/goxide at 1.48 

V versus the reversible hydrogen electrode3. Nonetheless, RuO2 is highly likely to 

dissolve under anodic potential.4 Even though IrO2 is less active, it has demonstrated 

excellent stability in acidic media. However, the low availability (10 times less 

abundant than Pt) and the high cost (as high as 500 $ per oz which is 12 times higher 

than Ruthenium) of iridium limits its use as a catalyst for Ir-based systems in 

commercial applications..5 Since Ru is more efficient and cost-effective than Ir, 

extensive research work has been dedicated recently on improving the stability of RuOx 

from dissolution.6-8 It is now demonstrated that the incorporation of other earth-

abundant elements into Ru-based oxides improves their stability and reduces the 

corrosion. For instance, doping of RuO2 with non-noble metals such as V9, Sn10, Co11, 

Ni12, Fe13 could effectively accelerate the electron-transfer kinetics and simultaneously 

protect catalytically active units from dissolution in the acid medium during the 

catalytic process, thus resulting in improved catalytic activity and durability. Despite 

many efforts, the activity and stability of RuO2 in acid electrolytes are still not 

satisfactory to use these catalysts in PEM electrolyzers. In my doctoral work, I have 

tried to identify possible solutions to address this issue. One potential way of improving 
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the stability of the RuO2 catalyst in acidic media without compromising its activity 

would be doping it with metals in the form of hollow structures.  

In this context, a hollow structure-based catalyst can serve several advantages, such as 

providing a large surface area with more active sites, enhancing electron conductivity, 

and improving the utilization of the catalyst.14 Along with the structure, the composition 

is also a key factor in determining the activity, which can be tuned by doping and 

alloying. 15, 16 Metal alkoxides are well-known and extensively studied for the synthesis, 

stability, and chemistry of monodentate alkoxides, such as ethoxides and 

isopropoxides.17 The investigation on these alkoxides was carried out with various 

metals (Co, Ni, Fe, Zn, Mn, Pb, etc ) and polyols such as ethylene glycol and glycerol 

along with other mixed metal-polyols, for example (Fe, Mn)-glycerol, (Ba, Ti)-ethylene 

glycol, and (Al, F e)-glycerol .18, 19 Interestingly, the thermal decomposition of these 

materials led to the formation of metal oxides at the temperatures close to combustion 

of organic compounds.19 The transition metals (Cr, Mn, Fe, Co, Ni, Cu, and Ru, except 

for Pb, which is a post-transition metal) used to form glycerolate are very active 

materials for oxygen evolution in alkaline media. So here, an attempt was made to use 

their catalytic activity to improve the stability of Ru.  

In this chapter, the template-assisted solution-based approach to the synthesis of yolk-

shell Co3O4/Co1−xRuxO2 microspheres (MSs) has been discussed in detail. First, various 

metal-glycerolates were synthesized in the form of solid spheres through a one-pot 

solvothermal method by following previously reported works. 20 Secondly, the addition 

of aqueous RuCl3 solution forms amorphous Co-Ru oxide yolk-shell microspheres. 

Finally, different annealing temperatures were tested to optimize the formation of 

Co3O4/Co1−xRuxO2 microspheres. 

3.1  Synthesis of Metal glycerolates (M-G) 

Metal glycerolates were synthesized using the previously reported method with slight 

modification.21 Typically, Co- glycerolates were produced by using 0.5 mmol of 

Co(NO3)2·6H2O, and 8 ml of glycerol dispersing in 40 ml of isopropanol, forming a 

pink solution. This mixture was stirred for 15 minutes to achieve an even dispersion, 

which was then transferred to a Teflon-lined stainless-steel autoclave. The temperature 

of the autoclave was raised to 180° C and maintained at this value for 6 hours. Then the 

autoclave was allowed to cool down naturally to ambient temperature, which resulted 
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in the formation of a pink precipitate that was separated by centrifugation, followed by 

multiple washing steps with ethanol. Finally, it was dried at 60° C under air to obtain a 

fine Co-glycerolate powder. All the other metal glycerolates such as Cr-G, Mn-G, Fe-

G, Ni-G, Cu-G, Ru-G, and Pb-G were synthesized using the above method by replacing 

Co metal precursors with other metal precursors, as shown in table 3.1. There was no 

glycerolate formation observed in the case of Ru(NO₃)₃ and Pb(NO₃)₂.  

 
Figure 3.1. The transmission electron (TEM) images show the solid sphere-like morphologies 

of various metal glycerolates (Scale bars: 200nm).  

TEM images of all the produced metal glycerolates are shown in figure 3.1. Mn-, Fe-, 

Co-, Ni-, Cu-glycerolate exhibited a similar morphology (solid sphere) with no visible 

pores. The TEM images evidence very clearly that there is no formation of glycerolates 

when the Ru and Pb precursor are used, thus no further investigation on these materials 

was carried out (figure 3.2).  
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Figure 3.2. The transmission electron (TEM) images show the results of the reaction of (left) 

Ru(NO3)3 and (right) Pb(NO3)2 with glycerol (scale bars: 200nm). 

Table 3.1. Various types of glycerolates are synthesized from the metal precursors 

 

3.2  The reaction of metal glycerolates with Ruthenium precursor 

As discussed earlier, the active transition metals doping on RuOx should be achieved to 

improve its electrochemical stability. In this direction, the as-synthesized metal-

glycerolates were reacted with the RuCl3 solution for different time periods. For 

instance, 60 mg of Co-G was dispersed in ethanol followed by the addition of the RuCl3 

solution (60 mg of RuCl3 + 60 ml of ethanol) and 60 ml of water. The reaction of the 

Co-G solution with the RuCl3 solution led to the formation of a hollow structure 
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(referred Co-Ru intermediate), which retained the spherical morphology of the initial 

Co-G particles. Instead, other glycerolates such as Mn-, Fe-, Ni-, Cu evidenced a 

distorted morphology after the addition of the RuCl3 solution, which is clear from the 

TEM images shown in figure 3.3. Therefore, further investigations with Co-glycerolate 

were carried out. 

 
Figure 3.3. Transmission electron (TEM) image of the results of the reaction of various metal 

glycerolates with a RuCl3 solution (Scale bars: 200nm). 

3.2.1 Influence of reaction time 

The optimization of the Co loading was done by comparing the electrocatalytic 

response of the final product (Co-doped RuOx). Various Co loading into the RuO2 was 

achieved by reacting Co with RuCl3 solution for different reaction times. As expected, 

we observed that the reaction time plays a key role in the electrochemical OER activity. 

After the addition of the RuCl3 solution to the Co-G solution, the resulting mixture was 

stirred for 24 hours continuously. Aliquots were collected at different time intervals of 

3 hours, 6 hours, and 24 hours and washed with ethanol 3 times. Then TEM and SEM-
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EDS analyses were carried out to study the morphology and the amount of Co doping. 

However, it was observed that the amount of Co doping in the final product was 

gradually reduced as the reaction time was increased. 

 
Figure 3.4. TEM image of the results of the Co-G reaction with the RuCl3 solution for (a) 1 

hour, (b) 3 hours, (c) 6 hours, and (d) 24 hours (Scale bars_ 200nm). 

From the TEM images, the reaction with the RuCl3 solution with Co-G formed a hollow 

sphere (fig. 3.4(a-c)) for any reaction time. However, higher reaction times resulted in 

non-uniform structures. For instance, the reaction carried out for an hour resulted in a 

hollow sphere structure with visible solid spheres inside. In some places, the spheres 

were also broken, and few were still solid and aggregated. A similar trend was observed 

at 3, 6, and 24 hours. The SEM images of 1 hour reacted sample evidenced a semi-

hollow kind of structure, and the elemental mapping confirms the presence of Ru, Co, 

and O in the sample. The corresponding SEM-EDS images for various reaction times 

(1, 3, 6, and 24 hours) are reported in the appendix (fig. A2.1-4). The atomic percentage 

of Co and Ru were extracted from the SEM-EDS mapping and the corresponding 

atomic% is given in Table 3.2. In the case of 1-hour samples, the estimated Co and Ru 

atomic% were about 53 and 47, respectively. The amount of Co doping was reduced 

from ~53% to ~32% upon when increasing the reaction time from 1 hour to 24 hours, 

as shown in Table 3.2.  
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Table 3.2. Co-G reaction with RuCl3 for 1, 3, 6, and 24 hours and the corresponding Co and 

Ru atomic percentage derived from SEM-EDS. 

Reaction time 

(hrs) 

Co 

(Atomic %) 

Ru 

(Atomic %) 

1 53 47 

3 44 56 

6 34 66 

24 32 68 

From the above TEM and EDS analysis, it is evident that the higher reaction time 

reduces the incorporation of Co content in the final product, in addition, the morphology 

of the product was also severely modified. The same trend was observed in terms of 

electrocatalytic OER activity as well where a 1-hour sample exhibited better 

performance than the samples reacted for longer time periods. All the electrocatalytic 

activities of the as-synthesized materials will be presented in detail in the next chapter. 

From these observations, it is reasonable to carry out the reaction for shorter times, 

aiming towards the incorporation of more Co-content in the final product. Thus, the 

reaction of Co-G with RuCl3 solution was carried out for less than an hour and the 

aliquots were collected at 5-, 15-, and 30-minutes time intervals. 

Interestingly, neat, and evenly distributed hollow structures were obtained even after 

only 5 mins of reaction, as shown in the TEM image of figure 3.5(a). In addition, SEM-

EDS analysis revealed that the maximum Co-doping was achieved in the 5-mins reacted 

samples. The SEM-EDS analysis of all these samples is given in the appendix (fig. A2.5 

and A2.6). Even though the 15 mins and 30 mins reacted samples exhibited hollow 

sphere structures, the spheres tended to agglomerate and there was also the formation 

of other undesirable side products, with small structures surrounding the hollow 

spheres, as evident from the TEM images of fig. 3.5(b) and (c). These side products are 

identified as traces of Ru(OH)x from the elemental mapping. Reactions carried out for 

more times tended to form undesirable Ru(OH)x phases instead of the reaction with Co-

G. From these results, it is concluded that a reaction time of 5 mins of Co-G with RuCl3  

is more than sufficient to achieve a neat hollow sphere morphology with the maximum 

amount of Co doping in the final product. Furthermore, the Co-doped RuCl3 samples 

obtained after 5 mins of reaction demonstrated better electrochemical OER 
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performance compared to other reaction time, in the acidic electrolyte (this is presented 

in detail in the next chapter). 

 
Figure 3.5. TEM image of the products of the Co-G reaction with RuCl3 solution at (a) 5 

minutes, (b) 15 minutes, and (c) 30- minutes (Scale bars_ 200nm). 

3.2.2 Influence of solvent 

Since two different solvents (water and ethanol) were used in the Co-G and RuCl3 

solution, it is also important to study the influence of the solvents on the final product 

and thus the electrochemical performance. Initially, only ethanol was used as the 

solvent, without adding water, since RuCl3 reacts more vigorously with water to form 

Ru(OH)x and upon annealing, it would result in more stable RuO2 without any Co 

doping. Therefore, initially, the Co-G was dispersed in ethanol, and it was then added 

to RuCl3 in ethanol solution. With only ethanol as a solvent, the Co-G solid spheres 

remained intact, and no reaction occurred with the RuCl3 solution. On the other hand, 

when water alone was used as a solvent, the product dissolved completely, leading to a 

brown transparent solution. Thus, it was decided to use both ethanol and water as the 

solvents in the reaction mixture to promote both the dissolution of the precursors and 

the reaction between the Co-G and the RuCl3 solution. I started the investigation with 

two different ratios of water to ethanol i.e., 2:1 and 1:2 in the reaction mixture. 

 
Figure 3.6. TEM image of the reaction of Co-G with RuCl3 solution with water to ethanol ratios 

of (a) 1:2 and (b) 2:1 (Scale bars_ 200nm). 
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The TEM images acquired from the products obtained after adding different ratios of 

water and ethanol are given in figure 3.6. As seen from Figure 3.6 (a), it is evident that 

the addition of more ethanol (1:2 water to ethanol) into the system promotes the 

formation of hollow structures with uniform spherical morphology whereas the system 

with more water resulted in broken spheres (figure 3.6 (b)). During the reaction between 

Co-G and RuCl3 with the solvent as only ethanol, the solid spheres remained intact 

(figure A2.7). The above-obtained Co-Ru solid spheres were reacted with Hydrochloric 

acid (HCl) and Polyvinylpyrrolidone (PVP) to achieve hollow structures (figure A2.8). 

The methods and characterizations are described in detail in the appendix. 

3.2.3 Influence of the annealing temperature 

The above-reacted Co-Ru intermediate must be annealed to form the final CoRuOx 

catalyst that can be directly employed for electrocatalytic studies. Different annealing 

temperatures (300, 350, 400, and 500 °C) were selected to study the effect on the final 

product. The intermediate obtained after reacting the Co-G with RuCl3 for 5 mins was 

washed with ethanol several times and dried at ambient temperature. The obtained dried 

powder was then grounded and distributed evenly on an alumina crucible and then 

loaded into a muffle furnace. The sample was annealed at four different temperatures 

(300, 350, 400, and 500 °C) at the rate of 10°/min for one hour.  

 
Figure 3.7. X-ray diffraction pattern of CoxRu1-xO2 powders annealed at different temperatures. 
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Figure 3.7 shows the XRD pattern collected from the samples after annealing at 

different temperatures (represented as CoxRu1-xO2). All the samples showed diffraction 

peaks corresponding to the tetragonal RuO2 (ICSD:172178) phase. No other diffraction 

peaks that could be assigned to other impurities were observed, indicating the presence 

of only the RuO2 phase in all the products, irrespective of the annealing temperature. 

However, a slight shift in the peaks towards higher angles can be seen upon increasing 

the temperature, signifying a contraction in the crystal lattice due to the doping of 

Cobalt in the Ruthenium oxide structure. Since the XRD patterns acquired from the 

samples annealed at different temperatures did not show much difference in the peaks, 

one can say that the different annealing temperatures do not have a significant effect on 

the crystal structure. 

Interestingly, the TEM images collected from the annealed samples did not show any 

spherical morphology. Instead, the sample was mostly characterized by a needle-like 

agglomerated morphology. All the TEM images collected from the samples annealed 

at different temperatures are given in the appendix (figure A2.9). The corresponding 

electrochemical OER activities carried out on these samples are discussed in the next 

chapter. Even though the sphere-like morphology was not observed any more, 

surprisingly the 350 °C annealed sample demonstrated a better catalytic activity 

compared to the samples annealed at other temperatures. Therefore, the 350 °C 

annealing temperature was selected as the optimal one for producing the final catalytic 

material and for carrying out further investigations. One of the plausible reasons behind 

the destruction of the spherical morphology could be the higher heating rate used i.e., 

10°/min. Thus, lowering the annealing temperature ramping rate could be one of the 

ways to preserve the spherical morphology which in turn may improve the 

electrochemical activity. In this direction, the samples were annealed at 350 °C with a 

heating rate of 2°/min (represented as yolk-shell microspheres (MS)), and their 

structure and morphology were studied in detail through XRD and TEM analysis.  

The powder XRD diffraction pattern acquired from the samples annealed at 350 °C 

with a slower heating rate displayed peaks corresponding to mixed oxide, tetragonal 

RuO2 (ICSD: 15071) as well as cubic Co3O4 (ICSD: 28158) crystal phases (figure 3.8). 

It should be noted that the XRD peaks that correspond to the tetragonal RuO2 phase are 

shifted towards higher angles, indicating a lattice shrinkage that might be due to the 

incorporation of smaller-sized Co cations into the RuO2 crystal lattice.11 From the 
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previously reported literature, the formation of CoxRu1−xO2−δ alloys is highly possible 

when Co3+ cations are inserted into RuO2, resulting in the shift of XRD peaks to the 

higher 2-theta values at increasing values of x. Since the XRD pattern collected from 

the as-prepared samples exhibited peaks that correspond to multiple mixed oxides, it is 

not straightforward to estimate the stoichiometry of our CoxRu1−xO2 structures. 

Considering the amount of peak shift in the XRD pattern, one could tentatively estimate 

that the stoichiometry is closer to Co0.27Ru0.73O2−δ, as reported previously by Tian et 

al.11 

 
Figure 3.8. X-ray diffraction pattern of Co3O4/CoxRu1-xO2 MSs and Co3O4 annealed at 350 °C 

with the reference pattern of Co3O4 and RuO2 for comparison. Adapted with permission from 

ref 22. Copyright © 2021 Royal Society of Chemistry. 

Upon annealing at 350 °C at 2°/min, the spherical morphology of the MSs was 

preserved, as is evident from the TEM images reported in figure 3.9 (a). Figure 3.9 (b) 

shows the HAADF-STEM image of the as-prepared MSs and its corresponding 

elemental mapping which highlights the distribution of Co and Ru in the outer shell. 

The FESEM images clearly depict the yolk-shell hollow sphere-like morphology with 

the rod-like structure surrounding them (figure 3.10).  
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Figure 3.9. (a) TEM image of Co3O4/CoxRu1-xO2 MSs (b) HAADF-STEM image highlighting 

the shell of MSs and the corresponding elemental mapping. Adapted with permission from ref 
22. Copyright © 2021 Royal Society of Chemistry. 

 
Figure 3.10. (a) FESEM of Co3O4/CoxRu1-xO2 MSs (b) enlarged FESEM image of MSs and the 

corresponding elemental mapping. Adapted with permission from ref 22. Copyright © 2021 

Royal Society of Chemistry. 

High-resolution TEM analysis was performed to study the yolk-shell MSs in detail, 

especially, the distribution of Co doping in a single hollow sphere. The HAADF-STEM 

image and the corresponding EDX elemental mapping collected from a single yolk-

shell hollow sphere are illustrated in figure 3.11 (a). From the elemental mapping, it is 

observed that the cobalt concentration is higher in the core region, whereas ruthenium 

is concentrated in the shell. The same was also observed from the EDX line scan 

elemental profile (figure 3.11 (b)). The calculated atomic ratio of Co to Ru in a single 

microsphere was found to be 65:35.  



P a g e  | 69 

 

 

Synthesis of Yolk-Shell Co3O4/Co1−XRuxO2 Microspheres as a 

Catalyst for Oxygen Evolution Reaction  
 

 
Figure 3.11. (a) HAADF-STEM image and the corresponding EDX elemental mapping 

showing the distribution of Co, Ru, and O (scale bar, 100 nm). (b) EDS elemental line profile 

across the middle of the sphere (inset: HAADF STEM image of a single Co3O4/CoxRu1-xO2 MS; 

scale bar, 100 nm). Adapted with permission from ref 22. Copyright © 2021 Royal Society of 

Chemistry. 

To further confirm the concentration of Ru on the surface, the HRTEM analysis was 

performed on a single rod-like structure that appears on the surface of the spheres 

(Figure 3.12). From figure 3.12 (a), it is measured that the size of a single nanorod on 

the surface of the sphere was about 10 nm wide and 20 nm long. Figure 3.12 (b) displays 

the fast Fourier transform (FFT) from one of the nanorods indexed to [111] zone axis 

of the tetragonal RuO2 (ICSD: 15071) phase. Integrating the results obtained from XRD 

and TEM analysis, it is evident that the core is mostly composed of Co3O4 and the shell 

is comprised of tetragonal CoxRu1−xO2 nanorods. 

 
Figure 3.12. (a) HRTEM image of the surface of one of the Co3O4/CoxRu1-xO2 MSs, showing 

the presence of the nanorods (scale bar, 5 nm) and (i) FFT from one of the nanorods indexed 

according to the RuO2 tetragonal structure. Adapted with permission from ref 22. Copyright © 

2021 Royal Society of Chemistry. 
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To investigate the chemical composition and oxidation states of the yolk-shell MSs, X-

ray photoelectron spectroscopy (XPS) analysis was performed on the as-synthesized 

material (Figure 3.13). The XPS spectra of commercial RuO2 and Co3O4 MSs were also 

recorded for comparison. The Co3O4 samples were prepared by simply annealing the 

Co-G at 350 °C at 2°/min for one hour.  

 
Figure 3.13. High-resolution XPS spectra were collected on the energy range typical for (a) Co 

2p and (b) Ru 3d peaks (inset: enlarged image showing the peak shift of MSs towards higher 

binding energy concerning RuO2). The data have been collected on MSs, RuO2, and Co3O4. 

Valence band profile of MSs and RuO2 obtained by (c) XPS (d) UPS (inset: enlarged image at 

low kinetic energy cut-off region. Adapted with permission from ref 22. Copyright © 2021 

Royal Society of Chemistry. 

The XPS spectrum of the yolk-shell MSs contains two peaks in the Ru 3d region (Figure 

3.13 (a)). The blue dashed line corresponds to the energy position of commercial RuO2 

which does not match with the Ru 3d peak of the MSs.23 The primary peaks of Ru 

3d5/2 and 3d3/2 were observed at 281.2 and 285.4 eV, respectively, as illustrated in figure 

3.13 (b).24, 25 The presence of Co inside the RuO2 structure can be explained with a 

small shift towards the higher binding energies of Ru4+ species compared to RuO2, 

suggesting a lower electron density at the Ru site. XPS spectra were also acquired on 

pure Co3O4 samples. However, the XPS interpretation of Co 2p levels of yolk-shell 
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MSs is not straightforward. By analyzing the XPS spectra in-depth, one speculation 

could be ascribed to the presence of Co with mixed oxidations i.e., +2 and +3 in 

different chemical environments (i.e. Co3O4 and CoxRu1-xO2) that comes from the 

exposure of samples to air (fig. 3.12 (a)). However the presence of metallic Co is not 

observed in the spectrum, as this should have a narrow peak at ∼778 eV, thus the 

possibility of metallic Co could be excluded.26 

Moreover, the MSs show a broadened valence band (VB) spectra as compared to RuO2 

(figure 3.13 (c)), suggesting that the incorporation of Co dopants and the presence of 

Co3O4 modulates the electronic structure of RuO2.
11 This is also evident from the 

Valence band (VB) spectra collected from the MSs samples through  UPS analysis 

(figure 3.13 (d)). It is observed that the work function (ɸ) of MSs (~ 4.69 eV) is slightly 

higher than that of RuO2 (~ 4.47 eV) which indicates the possible shift of the Fermi 

level towards the Valence band and explains the Co doping induced p-type defect.27 

The effect of this electronic modulation on electrocatalytic OER activity will be 

discussed in the following chapter. 

The elemental composition was also confirmed by micro X-ray fluorescence 

spectroscopy (µ-XRF). In principle, the XRF analysis provides elemental mapping 

from the whole sample, thus it is possible to confirm the homogeneous distribution of 

Co and Ru elements all over the synthesized samples (figure A2.9). The calculated 

atomic ratio of Co and Ru from the µ-XRF analysis was 61 and 39 atom. wt. %, 

respectively, which is comparable to the values obtained from the EDS analysis 

discussed before. 

3.3  Synthesis of yolk-shell Co3O4/Co1−xRuxO2 microspheres 

The optimized synthesis scheme to produce yolk-shell 

Co3O4/Co1−xRuxO2 microspheres (MSs) as OER catalyst in acidic media with a mild 

template-assisted method is illustrated in Scheme 3.1.  

The first step involves the solvothermal synthesis of Co-glycerolate where 0.5 mmol of 

Co(NO3)2·6H2O and 8 ml of glycerol were dispersed in 40 ml of isopropanol forming 

a pink colored solution. Later, the as-formed solution was transferred to a Teflon-lined 

autoclave and the temperature was raised to 180 °C and maintained for 6 hours. The 

pink precipitate namely Co-G, obtained from the autoclave was washed with ethanol 5 
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times and dried at room temperature. Secondly, the dried Co-G powders were dispersed 

in ethanol (1mg/ml) and the same was allowed to react with RuCl3-ethanol solution 

(1mg/ml). To promote hydrolysis process, 1 ml of pure deionized water was added into 

the reaction mixture resulting in the formation of amorphous Co-Ru oxide. The solution 

mixture was allowed to react for 5 mins under magnetic stirring, and then the 

precipitated was collected by centrifugation at 5000 rpm for 5 mins. The obtained 

precipitate was washed several times with ethanol and named as Co-Ru intermediate. 

Finally, the as-prepared intermediate was annealed at 350 °C at 2°/min for one hour, 

which resulted in the formation of Ru rich shell and Co rich core yolk-shell 

Co3O4/Co1−xRuxO2 microspheres (MSs).  

 
Scheme 3.1. Schematic illustration of the formation process of yolk-shell 

Co3O4/CoxRu1−xO2 MSs. Adapted with permission from ref 22. Copyright © 2021 Royal Society 

of Chemistry. 

The as synthesized yolk-shell Co3O4/Co1−xRuxO2 microspheres (MSs) were then 

directly employed as an electrocatalyst for oxygen evolution reaction (OER) in acid 

media. This will be discussed in detail in the next chapter. 
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4 

YOLK–SHELL Co3O4/Co1−xRuxO2 MICROSPHERES 

ELECTROCATALYST FOR OXYGEN EVOLUTION 

ACTIVITY IN ACIDIC MEDIUM 

 

Hydrogen (H2) has been put forward to be the clean and carbon‐neutral next‐generation 

energy carrier.1 Water electrolysis is considered to be an environmentally friendly 

method for the conversion of renewable energy (such as solar or wind) into high purity 

hydrogen, which currently accounts for only 4% of total hydrogen generation.2 The 

remaining is handled by fossil fuel transformations such as natural gas steam reforming, 

coal gasification, and partial oxidation of hydrocarbons, but all these methods result in 

CO2 emission. On the other hand, even though H2 can be produced efficiently by full 

water-splitting devices, at present, these are not economically feasible due to the 

sluggish kinetics of the OER process. The OER process involves the distribution of four 

redox processes over a narrow potential range, the coupling of multiple protons and 

electrons transfer, and the formation of two O=O bonds, at the anode.3, 4 On the other 

hand, the use of acidic proton exchange membrane water electrolysis requires the 

design of high-performance OER catalysts that are stable in an acidic pH environment. 

Acid-based polymer electrolyte water electrolyzers (PEWEs) offer several advantages 

over the alkaline technology including faster cathode kinetics and high voltage 

efficiency at higher current densities, high electrolyte conductivity5, less crossover 

(which delivers higher purity products)6-8, the suppression of side reactions9, 10, lower 

ohmic resistances11 and a more compact system design. However, high anodic 

overpotentials and harsh corrosive conditions greatly hinder the commercialization of 

acidic electrochemical water splitting.12, 13  

Currently, although Pt-group metals work most efficiently for the overall 

electrocatalytic water splitting (OER and HER), Ru-based compounds demonstrated 

the highest electrocatalytic OER activities. However, the scarcity and high cost of Ru 

as discussed in the previous chapter limit their commercial applications. Various studies 
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have been reported on the non-precious metal-based water-splitting catalysts to 

reduce/replace the amount of noble metals used in the electrocatalysts. Further, the 

content of Ru used is high to achieve high durability, which is still to be addressed.  

Here the attention is focused on low content Ru with high stability and mass activity. 

This chapter presents the results obtained by employing the as-synthesized yolk-shell 

Co3O4/CoxRu1-xO2 microsphere, which was described in the previous chapter as a catalyst 

for studying the electrochemical OER performances in acidic media.  

4.1 Electrochemical measurements  

The electrochemical analysis was performed by using a three-electrode workstation 

with Ag/AgCl as a reference electrode, a Pt wire as a counter electrode, and the yolk-

shell Co3O4/CoxRu1-xO2 microsphere coated carbon paper as the working electrode. OER 

polarization curves were obtained in 0.5M H2SO4 solution at a scan rate of 10 mV/s. 

All the potentials were measured versus Ag/AgCl and converted to a reversible 

hydrogen electrode (RHE) by using the following formula: 

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔 𝐴𝑔𝐶𝑙⁄ + 0.197 + 0.059 ∗ 𝑝𝐻 

The impedance spectra of the electrodes were measured at open circuit potentials in a 

frequency range from 0.1 Hz to 10000 Hz at a sinusoidal amplitude of 5 mV. The 

polarization curves were corrected for iR losses. 

4.2 Preparation of working electrode 

The ink for electrochemical activity measurements was prepared by dispersing 1 mg of 

yolk-shell Co3O4/CoxRu1-xO2 MSs catalyst into a 400µL Nafion solution (0.25wt%). 

Carbon paper (Toray paper 090) was used as the substrate for the deposition of the as-

prepared catalytic ink. Before use, the carbon paper was plasma treated at 500 mTorr 

in an O2 atmosphere for 20 min (on both sides), followed by 12 h immersion in a 3 M 

H2SO4 solution. Then it was washed thoroughly with deionized water and ethanol 

several times to remove the acid residues and dried @ 60°C for a few hours. Finally, 

the catalytic ink was drop cast on 1×1 cm2 activated CP and dried at room temperature. 

The mass loading of MSs was about 0.1mg /cm-2.  
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4.3 Influence of reaction time 

As discussed in the previous chapter, different Co loadings were obtained by reacting 

the RuCl3 solution at various reactions times (Co-doped RuOx) and the best Co loading 

was identified by comparing their electrocatalytic responses. The Co-glycerolate (Co-

G) was reacted with RuCl3 for 1, 3, and 6 hours, and then washed in ethanol and dried, 

followed by annealing at 400° C. The LSV for the above samples was recorded. Figure 

4.1 (a) shows the CV plots of Co-doped RuOx on the CP as a working electrode. It is 

observed that the reaction time affects the electrochemical performance. The precursors 

that reacted for 1-hour exhibited less overpotential as compared to 3 and 6 hours reacted 

ones. As seen from the SEM-EDS analysis, the product obtained after reacting the 

precursors for an hour has less Co in the system, which tends to dissolve in the acid. 

 
Figure 4.1. (a) Cyclic voltammetry (CV) curves of Co-G reacted with RuCl3 for 1, 3, and 6 

hours and annealed at 400°C at a scan rate of 10 mV s −1 (b) Cyclic voltammetry (CV) curves 

of CoxRu1-xO2 on 1st and the 5th cycle scan at a scan rate of 10 mV s −1.   

However, the overpotential is very high in all three cases and the stability of the catalyst 

is poor. For instance, even though the overpotential is less for a 1-hour reacted sample, 

after 5 cycles the catalytic current dropped drastically as shown in figure 4.1(b). This 

indicates the poor stability of the material. Thus, the precursor reacted for 5 min that 

showed superior catalytic activity was taken for further studies, which will be discussed 

in detail in the following sections. 

4.4 Influence of reaction temperature 

The annealing temperature plays an important role in the formation of material phases 

and has a significant effect on electrochemical performance (Figure 4.2 (a)). The Co-G 

and RuCl3 solution were reacted for 5 minutes followed by annealing at 300, 350, 400, 
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and 500⁰C with a scan rate of 10°/min for 1 hour. The XRD pattern collected from all 

the samples annealed at different temperatures shows diffraction peaks corresponding 

to the tetragonal RuO2 (ICSD:172178), as explained in detail in the previous chapter. 

Initially, the FTO and Ti plates were used as the substrate for depositing the catalyst. 

There is an evident change in the LSV of the same material coated on different 

substrates. Since the carbon paper is porous, the physical dissolution of the catalyst is 

significantly reduced; the same is reflected in the electrochemical performance.  

 
Figure 4.2. (a) Cyclic voltammetry (CV) curves of CoxRu1-xO2 annealed at 300, 350, 400 and 

500°C scan rate of 10 mV s −1 (b) Cyclic voltammetry (CV) curves of CoxRu1-xO2 annealed at 

350°C on FTO, Ti, and CP substrate at a scan rate of 10 mV s −1.   

Figure 4.2 (b) shows the LSV of the catalyst annealed at 350⁰C on different substrates. 

The catalyst coated on CP showed a higher current as compared to FTO and Ti 

substrates. To study the effect of the annealing temperature, the LSV was performed on 

300, 350, 400, and 500 ⁰C-annealed samples on CP. As seen from figure 4.2 (a), the 

LSV of 300, 400, and 500⁰C annealed samples exhibited less catalytic activity than the 

sample annealed at 350⁰C. When the samples were annealed at a higher scan rate i.e., 

10°/min, the morphology of these samples was changed from complete sphere to rod-

like structure, as discussed and shown in the TEM images in the previous chapter. To 

preserve the spheres and improve the catalytic activity of the material, annealing was 

performed at a lower scan rate. As discussed above, since the sample annealed 350⁰C 

showed better electrocatalytic performance, the precursors were annealed at 350⁰C at a 

lower scan rate of 2⁰/min for 1 hour. 
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 4.5 Oxygen evolution activity of yolk-shell Co3O4/CoxRu1-xO2 

Microsphere (MSs) 

The precursors annealed at 350⁰C at a lower scan rate of 2⁰/min for 1 hour exhibited a 

unique architecture of hollow sphere, surrounded by a rod-like structure. The X-ray 

diffraction pattern evidenced the presence of mixed oxides. The results of morphology, 

composition and structure have been explained in detail in the previous chapter. A 

detailed electrochemical characterization of the yolk-shell Co3O4/CoxRu1-xO2 

microsphere (MSs) was then carried out. Hollow Co3O4 synthesized using the same 

method and commercial RuO2 also were employed as OER catalyst for 

comparison. The electrodes for the OER experiment were prepared by drop-casting the 

catalyst on carbon paper substrates (see section 4.3 for details). 

 
Figure 4.3. (a) LSV curves of MSs, Co3O4, and RuO2 at a sweep rate of 10 mV S−1, (b) Tafel 

slope. Adapted with permission from ref 14. Copyright © 2021 Royal Society of Chemistry. 

Linear sweep voltammetry (LSV) curves collected from Co3O4, RuO2, and MSs 

electrodes are shown in figure 4.3 (a). The curves were recorded at the potential window 

between 1 to 1.6 V vs. RHE in 0.5 M H2SO4. At 1.4 V vs. RHE, the MSs electrode 

showed an early onset of catalytic current, corresponding to an onset overpotential of 

170 mV (measured at 1 mA cm2). Furthermore, according to the proposed benchmark 

criteria,15 the MSs electrode needed only an overpotential of 240 mV to obtain a 10 mA 

cm2 OER current. On the other hand, the Co3O4 and commercial RuO2 exhibited 

overpotentials of 230 mV and 210 mV respectively (which were measured at 1 mA 

cm−2). It is worth mentioning that the carbon paper did not show any catalytic activity 

in the measured potential window.  
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Figure 4.4.  Measurement of the double-layer capacitance of MSs (a) CV of MSs, (b) RuO2, 

(c) Co3O4 collected at various scan rates (d) Cdl measurements of MSs, Co3O4, and RuO2. 

Adapted with permission from ref 14. Copyright © 2021 Royal Society of Chemistry. 

The Co3O4 and commercial RuO2 did not achieve the catalytic current of 10 mA cm-2 

in the measured potential window that implies reduced catalytic activity of the undoped 

samples. Moreover, the current drastically dropped in the case of commercial RuO2 

after a few cycles of LSV, indicating the poor durability of the catalyst (fig. A3.2). The 

electrochemical active surface area (ECSA) was measured for MSs, commercial RuO2, 

and Co3O4. To exclude the surface area effect on the OER activity, the OER current 

was normalized by ECSA. The double-layer capacitance (CDL) of the electrodes was 

calculated by recording CVs in non-faradaic regions (Fig. 4.4 (a)-(c)). The ECSA was 

then calculated using the following equation:  

𝐸𝐶𝑆𝐴 =
𝐶𝐷𝐿

𝐶𝑠
 

where Cs is the specific capacitance of the catalyst or the capacitance of the flat 

electrode. For our calculations, we used the general specific capacitance of a flat 

electrode, Cs = 0.035 mF cm−2 in 0.5 M H2SO4.
15 The MSs showed higher ECSA that 
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was estimated to be 5.7 cm2, as compared to commercial RuO2 (1.14 cm2) and 

Co3O4 (0.85 cm2) (Figure 4.4(d)). From the above LSV and ECSA measurement, it is 

evident that the MSs show superior catalytic activity compared to the other two 

catalysts studied, most likely due to the presence of more active sites. 

 
Figure 4.5. ECSA normalized polarization curves of MSs, Co3O4, and RuO2. Adapted with 

permission from ref 14. Copyright © 2021 Royal Society of Chemistry. 

Figure 4.5 reports the ECSA normalized polarization curves where MSs clearly show a 

higher OER current compared to RuO2, which is the indication of a high intrinsic 

property of the catalyst. The Tafel slope, an intrinsic parameter of the catalyst, further 

evaluates the kinetics of the catalyst. Figure 4.3 (b) shows the Tafel slope of all the 3 

catalysts, in which the MSs show the small Tafel value of 70 mV dec−1 compared to 

commercial RuO2 (96 mV dec−1), and Co3O4 (320 mV dec−1), indicating the superior 

kinetics of MSs.  

Electrochemical impedance spectroscopy was used to investigate the charge transport 

parameters of the various electrodes. Figure 4.6 (a) represents the Nyquist plots of 

impedance spectra. A basic equivalent electrical circuit, consisting of three 

components: solution resistance (Rsol), charge transfer resistance (Rct), and double-layer 

capacitance (Cdl), can nicely suit these Nyquist charts (Fig. 4.6(b)). At the catalyst–

electrolyte interface, all electrodes featured a single semicircle related to charge transfer 

resistance.16 As can be seen, the MS electrode has the shortest semicircle radius when 

compared to the Co3O4 and RuO2 electrodes, indicating that it has superior charge 

transfer kinetics, as evidenced by polarization curves and Tafel slopes. 
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Figure 4.6. (a) Nyquist plots of MSs, Co3O4, and RuO2 at 1.5 V vs. RHE along with the fitting 

and (b) Nyquist plot of MSs; the inset shows the equivalent circuit. Adapted with permission 

from ref 14. Copyright © 2021 Royal Society of Chemistry. 

The MSs' superior OER activity can be explained by considering alloying effects as 

well as the synergy between the two phases, as stated below. Heterovalent RuO2 

alloying has been demonstrated to induce the production of coordinatively unsaturated 

sites (cus),17 which are also known to be the most active sites for the OER in RuO2. The 

undercoordinated metal sites are referred to as cus sites (i.e., in which the metal forms 

fewer than n bonds with oxygen, where n is the number of bonds formed by metal with 

oxygen in the bulk). Furthermore, due to the synergistic impact of the oxide 

components, mixing Co3O4 and RuO2 boosts the latter's OER activity.18 Both the above-

mentioned scenarios (presence of Co in the RuO2 lattice and coexistence of the two 

phases) together with the presence of a large density of active sites due to the yolk-shell 

structure should be accountable for their improved OER activity in the Co3O4/CoxRu1-

xO2 MSs. A comparison of the OER activity of MSs to that of recently reported catalysts 

in the literature (Table 1) reveals that the Co3O4/Co1−xRuxO2 MSs are one of the best 

performing catalysts working in acidic media. At a fixed over the potential of 270 mV, 

the mass activities of the catalysts per unit Ru loading quantity of both MSs and RuO2 

were determined, using the formula mentioned below: 

𝑀𝑎𝑠𝑠 𝑎𝑐𝑡𝑖𝑣𝑖𝑡𝑦 (𝐴 𝑔⁄ ) =  
𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑚𝐴 𝑐𝑚2⁄ )

𝐶𝑎𝑡𝑎𝑙𝑦𝑠𝑡 𝑙𝑜𝑎𝑑𝑖𝑛𝑔 (𝑚𝑔 𝑐𝑚2⁄ )
    

The MSs show the higher mass activity of 600 A g-1, which is 40 times greater than the 

mass activity of commercial RuO2 (15.7 A g-1). In addition, the MSs have a higher mass 

activity than comparable state-of-the-art OER catalysts.19-22  
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Figure 4.7. (a) Chronopotentiometry curves of MSs, Co3O4, and RuO2 under a constant current 

density of 10 mA cm−2 and (b) the polarization curves of MSs and RuO2 before and after 24 h 

of stability measurement. Adapted with permission from ref 14. Copyright © 2021 Royal 

Society of Chemistry. 

 
Figure 4.8.  (a) HAADF-STEM image of yolk-shell MSs with the corresponding (b) EDX 

elemental line profile across the middle of the spheres after 24 h of Chronopotentiometry 

measurement at 10mA cm-2.  (c) HAADF-STEM image and the corresponding (d-f) EDX 

elemental mapping showing the distribution of Co, Ru, and O.  (g,h)  HRTEM images of the 

surface of the MSs showing the nanorods. Inset:  FFT from one of the nanorods indexed 

according to RuO2 tetragonal structure. Adapted with permission from ref 14. Copyright © 2021 

Royal Society of Chemistry. 



84 | P a g e  

 

 

 

Yolk-Shell Co3O4/Co1−XRuxO2 Microspheres Electrocatalyst 

for Oxygen Evolution Activity in Acidic Medium 
 

Even though MSs perform better in terms of activity and kinetics, it is important to 

investigate the stability of the catalyst under constant current. Under anodic potential 

RuO2 oxidizes to form RuO4 which can be easily dissolved in acid electrolyte.23 

Therefore, the long-term stability of the catalyst was tested under a constant applied 

current density of 10 mA cm−2 compared with that of Co3O4 and RuO2 catalysts, 

according to the suggested benchmark criteria.24  

Figure 4.7 (a) shows the Chronopotentiometry curves, among which the MSs remained 

stable throughout 24 h of constant oxygen evolution, while Co3O4 and RuO2 dissolved 

rapidly after 2 and 4 hours, respectively. After 24 hours of chronopotentiometry 

experiments, the polarization curve of MSs exhibited low current loss (approximately 

4.6 %), showing the MS electrode's great durability (Fig. 4.7 (b)). To understand the 

reason behind the stability and durability of the catalyst, it is important to carry out 

various “post-mortem” studies on the MS electrode after 24 h of continuous oxygen 

evolution. Figure 4.8 (a) reports TEM images of the MSs after the catalytic activity, 

revealing there is no evident change in the morphology. After 24 hours of OER, an ICP 

examination revealed that the electrolyte included 3.4 µg of Ru and 9.7 µg of Co, which 

could explain the modest decrease of the OER current stated earlier. 

 
Figure 4.9.  High-resolution XPS spectra were collected on the energy ranges typical for (a) 

Ru 3d and (b) Co 2P peaks before and after 24 h of chronopotentiometry measurement @10mA 

cm-2. Adapted with permission from ref 14. Copyright © 2021 Royal Society of Chemistry. 

XPS was performed to understand the change in oxidation states. The XPS spectra are 

given in Figure 4.9 (a) and evidence no change in the signal of Ru in terms of position 

and shape, indicating that Ru did not undergo any oxidation. Conversely, the main peak 
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of Co was split at 779.4 eV and 781.3 eV (Figure. 4.10 (b)). This evidence, together 

with the unchanged Ru peak after the OER activity, suggests that a protracted test may 

have only damaged Co–O domains, resulting in partial oxidation of Co. Since the MSs 

remained unchanged in terms of durability and stability, it was also investigated at a 

higher current density of 20 mA cm−2. As reported in figure 4.10, the potential remained 

unchanged for 24 hours of the constant current measurement.  

 
Figure 4.10.  Chronopotentiometry curve under a constant current density of 20 mA cm-2. 

Adapted with permission from ref 14. Copyright © 2021 Royal Society of Chemistry. 

 
Figure 4.11. High-resolution XPS spectra were collected on the energy ranges typical for (a) 

Ru 3d and (b) Co 2P peaks before and after 24 h of chronopotentiometry measurement @ 20mA 

cm-2. Adapted with permission from ref 14. Copyright © 2021 Royal Society of Chemistry. 

In addition, the XPS of the MSs electrode after 24 h of Chronopotentiometry at a current 

density of 20 mA cm−2 featured an unaffected Ru peak, while the Co 2p spectrum had 
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significant change compared to pristine MSs. There is an evident peak on the higher 

binding energy side of the main peak that is assigned to the oxidized Co species and 

Co(OH)x species, most likely due to the high anodic applied potential (Fig. 4.11 (a) and 

(b)). HRTEM analysis conducted on the MSs electrode after 24 h of 

Chronopotentiometry at a current density of 20 mA cm−2 showed that the morphology 

of MSs remains unchanged (Figure 4.12).  

 

Figure 4.12.  (a)  HAADF-STEM image of yolk-shell MSs with the corresponding (b) EDX 

elemental line profile across the middle of the spheres after 24 h of Chronopotentiometry 

measurement at 20mA cm-2.  (c)  HAADF-STEM image and the corresponding (d-f) EDX 

elemental mapping showing the distribution of Co, Ru, and O.  (g,h)  HRTEM images of the 

surface of one of the MSs showing the nanorods. Inset:  FFT from one of the nanorods indexed 

according to RuO2 tetragonal structure. Adapted with permission from ref 14. Copyright © 2021 

Royal Society of Chemistry. 
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Table 1. The comparison of overpotential with other reported OER electrocatalysts in 

acidic media. Adapted with permission from ref 14. Copyright © 2021 Royal Society of 

Chemistry. 

Catalyst Substrate Electrolyte 
Overpotential at 

10 mA cm-2 (mV) 

Chronopotentiom-

etry at a specific 

current density 

Ref 

MSs CP 0.5M H2SO4 
240@10 mA cm-2 

170@1mA cm-2 
24 h @10 mA cm-2 This 

Work 

IrOx/SrIrO3 SrIrO3 0.5M H2SO4 270 30 h @10 mA cm-2 25 

Ru@IrOx Au 0.05M H2SO4 282 24 h @10 mA cm-2 26 

(NC)/WO3/IrO2 CP 0.5M H2SO4 270 8 h @10 mA cm-2 
27 

Ni2P Ni foam 1 M KOH 360 50 h @10 mA cm-2 
28 

IrCox GCE 0.1 M HClO4 278 14 h @10 mA cm-2 
29 

Ir NP GCE 0.5M H2SO4 470 10 h @10 mA cm-2 
30 

IrNiCu GCE 0.5M H2SO4 300 20 h @10 mA cm-2 
31 

Ni3FeN Ni foam 1 M KOH 250@20 mA cm-2 48 h @10 mA cm-2 
32 

IrRu@Te - 0.5M H2SO4 220 10 h @10 mA cm-2 
33 

RuO2@IrO2 Ti 0.5M H2SO4 250 60 h @200 mA cm-2 
34 

Cr0.6Ru0.4O2 GCE 0.5M H2SO4 178 10 h @10 mA cm-2 
35 

Y2Ru2O7-δ GCE 0.1 M HClO4 270@1 mA cm-2 8 h@1 mA cm-2 
36 

BaYIrO6 Au 0.1 M HClO4 315 1 h@10 mA cm-2 
37 

Co-RuO2 GCE 0.5M H2SO4 169 10 h @10 mA cm-2 
13 

4.6 Conclusion 

In summary, as-synthesized yolk-shell Co3O4/CoxRu1-xO2 Microsphere exhibited 

enhanced electrochemical OER activity and long-term stability in acidic media due to 

the peculiar morphology and the synergy between the Co3O4 core and Co1−xRuxO2 shell. 

The MSs attains a catalytic current density of 10 mA cm−2 at an overpotential of only 

240 mV, a small Tafel slope of 70 mV dec−1. The MSs exhibit high mass activity of 

600 A g−1 and maintain its activity throughout 24 h Chronopotentiometry tests at 

constant current densities of 10 and 20 mA cm−2. 

 



88 | P a g e  

 

 

 

Yolk-Shell Co3O4/Co1−XRuxO2 Microspheres Electrocatalyst 

for Oxygen Evolution Activity in Acidic Medium 
 

References 

1. Wang, X.;  Kolen'ko, Y. V.;  Bao, X. Q.;  Kovnir, K.; Liu, L., One‐step synthesis of self‐
supported nickel phosphide nanosheet array cathodes for efficient electrocatalytic 
hydrogen generation. Angewandte Chemie International Edition 2015, 54 (28), 8188-
8192. 

2. Sun, X.;  Xu, K.;  Fleischer, C.;  Liu, X.;  Grandcolas, M.;  Strandbakke, R.;  Bjørheim, T. S.;  
Norby, T.; Chatzitakis, A., Earth-abundant electrocatalysts in proton exchange membrane 
electrolyzers. Catalysts 2018, 8 (12), 657. 

3. Anantharaj, S.;  Ede, S. R.;  Sakthikumar, K.;  Karthick, K.;  Mishra, S.; Kundu, S., Recent 
trends and perspectives in electrochemical water splitting with an emphasis on sulfide, 
selenide, and phosphide catalysts of Fe, Co, and Ni: a review. Acs Catalysis 2016, 6 (12), 
8069-8097. 

4. Laha, S.;  Lee, Y.;  Podjaski, F.;  Weber, D.;  Duppel, V.;  Schoop, L. M.;  Pielnhofer, F.;  
Scheurer, C.;  Müller, K.; Starke, U., Ruthenium oxide nanosheets for enhanced oxygen 
evolution catalysis in acidic medium. Advanced Energy Materials 2019, 9 (15), 1803795. 

5. Fabbri, E.;  Habereder, A.;  Waltar, K.;  Kötz, R.; Schmidt, T. J., Developments and 
perspectives of oxide-based catalysts for the oxygen evolution reaction. Catalysis Science 
& Technology 2014, 4 (11), 3800-3821. 

6. Chatti, M.;  Gardiner, J. L.;  Fournier, M.;  Johannessen, B.;  Williams, T.;  Gengenbach, T. 
R.;  Pai, N.;  Nguyen, C.;  MacFarlane, D. R.; Hocking, R. K., Intrinsically stable in situ 
generated electrocatalyst for long-term oxidation of acidic water at up to 80° C. Nature 
Catalysis 2019, 2 (5), 457-465. 

7. Carmo, M.;  Fritz, D. L.;  Mergel, J.; Stolten, D., A comprehensive review on PEM water 
electrolysis. International journal of hydrogen energy 2013, 38 (12), 4901-4934. 

8. Huynh, M.;  Ozel, T.;  Liu, C.;  Lau, E. C.; Nocera, D. G., Design of template-stabilized active 
and earth-abundant oxygen evolution catalysts in acid. Chemical science 2017, 8 (7), 
4779-4794. 

9. Park, S.;  Shao, Y.;  Liu, J.; Wang, Y., Oxygen electrocatalysts for water electrolyzers and 
reversible fuel cells: status and perspective. Energy & Environmental Science 2012, 5 (11), 
9331-9344. 

10. Leng, Y.;  Chen, G.;  Mendoza, A. J.;  Tighe, T. B.;  Hickner, M. A.; Wang, C.-Y., Solid-state 
water electrolysis with an alkaline membrane. Journal of the American Chemical Society 
2012, 134 (22), 9054-9057. 

11. Reier, T.;  Nong, H. N.;  Teschner, D.;  Schlögl, R.; Strasser, P., Electrocatalytic oxygen 
evolution reaction in acidic environments–reaction mechanisms and catalysts. Advanced 
Energy Materials 2017, 7 (1), 1601275. 

12. Feng, Q.;  Wang, Q.;  Zhang, Z.;  Xiong, Y.;  Li, H.;  Yao, Y.;  Yuan, X.-Z.;  Williams, M. C.;  
Gu, M.; Chen, H., Highly active and stable ruthenate pyrochlore for enhanced oxygen 
evolution reaction in acidic medium electrolysis. Applied Catalysis B: Environmental 2019, 
244, 494-501. 

13. Tian, Y.;  Wang, S.;  Velasco, E.;  Yang, Y.;  Cao, L.;  Zhang, L.;  Li, X.;  Lin, Y.;  Zhang, Q.; 
Chen, L., A Co-doped nanorod-like RuO2 electrocatalyst with abundant oxygen vacancies 
for acidic water oxidation. iScience 2020, 23 (1), 100756. 

14. Annamalai, A.;  Shinde, D. V.;  Buha, J.;  Marras, S.;  Prato, M.;  Lauciello, S.;  De Trizio, L.; 
Manna, L., Synthesis of yolk–shell Co 3 O 4/Co 1− x Ru x O 2 microspheres featuring an 
enhanced electrocatalytic oxygen evolution activity in acidic medium. Journal of 
Materials Chemistry A 2021, 9 (16), 10385-10392. 



P a g e  | 89 

 

 

Yolk-Shell Co3O4/Co1−XRuxO2 Microspheres Electrocatalyst 

for Oxygen Evolution Activity in Acidic Medium  
 

15. McCrory, C. C.;  Jung, S.;  Peters, J. C.; Jaramillo, T. F., Benchmarking heterogeneous 
electrocatalysts for the oxygen evolution reaction. Journal of the American Chemical 
Society 2013, 135 (45), 16977-16987. 

16. ul Haq, T.;  Mansour, S. A.;  Munir, A.; Haik, Y., Gold‐Supported Gadolinium Doped CoB 
Amorphous Sheet: A New Benchmark Electrocatalyst for Water Oxidation with High 
Turnover Frequency. Advanced Functional Materials 2020, 30 (16), 1910309. 

17. Halck, N. B.;  Petrykin, V.;  Krtil, P.; Rossmeisl, J., Beyond the volcano limitations in 
electrocatalysis–oxygen evolution reaction. Physical Chemistry Chemical Physics 2014, 16 
(27), 13682-13688. 

18. Da Silva, L. M.;  Boodts, J.; De Faria, L. A., Oxygen evolution at RuO2 (x)+ Co3O4 (1− x) 
electrodes from acid solution. Electrochimica Acta 2001, 46 (9), 1369-1375. 

19. Wang, L.;  Song, F.;  Ozouf, G.;  Geiger, D.;  Morawietz, T.;  Handl, M.;  Gazdzicki, P.;  
Beauger, C.;  Kaiser, U.; Hiesgen, R., Improving the activity and stability of Ir catalysts for 
PEM electrolyzer anodes by SnO 2: Sb aerogel supports: does V addition play an active 
role in electrocatalysis? Journal of Materials Chemistry A 2017, 5 (7), 3172-3178. 

20. Zhang, M.;  Lin, Q.;  Wu, W.;  Ye, Y.;  Yao, Z.;  Ma, X.;  Xiang, S.; Zhang, Z., Isostructural 
MOFs with higher proton conductivity for improved oxygen evolution reaction 
performance. ACS Applied Materials & Interfaces 2020, 12 (14), 16367-16375. 

21. Hartig-Weiss, A.;  Miller, M.;  Beyer, H.;  Schmitt, A.;  Siebel, A.;  Freiberg, A. T.;  Gasteiger, 
H. A.; El-Sayed, H. A., Iridium oxide catalyst supported on antimony-doped tin oxide for 
high oxygen evolution reaction activity in acidic media. ACS Applied Nano Materials 2020, 
3 (3), 2185-2196. 

22. Xu, J.;  Lian, Z.;  Wei, B.;  Li, Y.;  Bondarchuk, O.;  Zhang, N.;  Yu, Z.;  Araujo, A.;  Amorim, 
I.; Wang, Z., Strong electronic coupling between ultrafine iridium–ruthenium 
nanoclusters and conductive, acid-stable tellurium nanoparticle support for efficient and 
durable oxygen evolution in acidic and neutral media. ACS Catalysis 2020, 10 (6), 3571-
3579. 

23. Cherevko, S.;  Geiger, S.;  Kasian, O.;  Kulyk, N.; Grote, J., A. 82 Savan, BR Shrestha, S. 
Merzlikin, B. Breitbach and A. 83 Ludwig. Catalysis Today 2016, 262, 170-180. 

24. Sun, W.;  Ma, C.;  Tian, X.;  Liao, J.;  Yang, J.;  Ge, C.; Huang, W., An amorphous lanthanum–
iridium solid solution with an open structure for efficient water splitting. Journal of 
Materials Chemistry A 2020, 8 (25), 12518-12525. 

25. Seitz, L. C.;  Dickens, C. F.;  Nishio, K.;  Hikita, Y.;  Montoya, J.;  Doyle, A.;  Kirk, C.;  Vojvodic, 
A.;  Hwang, H. Y.; Norskov, J. K., A highly active and stable IrOx/SrIrO3 catalyst for the 
oxygen evolution reaction. Science 2016, 353 (6303), 1011-1014. 

26. Shan, J.;  Guo, C.;  Zhu, Y.;  Chen, S.;  Song, L.;  Jaroniec, M.;  Zheng, Y.; Qiao, S.-Z., Charge-
redistribution-enhanced nanocrystalline Ru@ IrOx electrocatalysts for oxygen evolution 
in acidic media. Chem 2019, 5 (2), 445-459. 

27. Fan, K.;  Dharanipragada, N. A.;  Kuang, P.;  Jia, Y.;  Fan, L.;  Inge, A. K.;  Zhang, B.;  Sun, L.; 
Yu, J., Amorphous WO 3 Induced Lattice Distortion for a Low-Cost and Highly-Efficient 
Electrocatalyst for Overall Water Splitting in Acid. Sustainable Energy & Fuels 2020. 

28. Zhang, W.-Z.;  Chen, G.-Y.;  Zhao, J.;  Liang, J.-C.;  Sun, L.-F.;  Liu, G.-F.;  Ji, B.-W.;  Yan, X.-
Y.; Zhang, J.-R., Self-growth Ni2P nanosheet arrays with cationic vacancy defects as a 
highly efficient bifunctional electrocatalyst for overall water splitting. Journal of colloid 
and interface science 2020, 561, 638-646. 

29. Gao, W.;  Xu, Q.;  Wang, Z.;  Wang, M.;  Ren, X.;  Yuan, G.; Wang, Q., Self-assembly of 
homointerface engineered IrCo0. 14 bracelet-like nanorings as efficient and stable 
bifunctional catalysts for electrochemical water splitting in acidic media. Electrochimica 
Acta 2020, 337, 135738. 



90 | P a g e  

 

 

 

Yolk-Shell Co3O4/Co1−XRuxO2 Microspheres Electrocatalyst 

for Oxygen Evolution Activity in Acidic Medium 
 

30. Arminio‐Ravelo, J. A.;  Quinson, J.;  Pedersen, M. A.;  Kirkensgaard, J. J.;  Arenz, M.; 
Escudero‐Escribano, M., Synthesis of iridium nanocatalysts for water oxidation in acid: 
effect of the surfactant. ChemCatChem 2020, 12 (5), 1282-1287. 

31. Zhang, J.;  Chen, Z.;  Liu, C.;  Zhao, J.;  Liu, S.;  Rao, D.;  Nie, A.;  Chen, Y.;  Deng, Y.; Hu, W., 
Hierarchical iridium-based multimetallic alloy with double-core-shell architecture for 
efficient overall water splitting. Science China Materials 2020, 63 (2), 249-257. 

32. Liu, X.;  Lv, X.;  Wang, P.;  Zhang, Q.;  Huang, B.;  Wang, Z.;  Liu, Y.;  Zheng, Z.; Dai, Y., 
Improving the HER activity of Ni3FeN to convert the superior OER electrocatalyst to an 
efficient bifunctional electrocatalyst for overall water splitting by doping with 
molybdenum. Electrochimica Acta 2020, 333, 135488. 

33. Xu, J.;  Lian, Z.;  Wei, B.;  Li, Y.;  Bondarchuk, O.;  Zhang, N.;  Yu, Z.;  Araujo, A.;  Amorim, 
I.; Wang, Z., Strong Electronic Coupling Between Ultrafine Iridium-Ruthenium 
Nanoclusters and Conductive, Acid-Stable Tellurium Nanoparticle Support for Efficient 
and Durable Oxygen Evolution in Acidic and Neutral Media. ACS Catalysis 2020. 

34. Ma, Z.;  Zhang, Y.;  Liu, S.;  Xu, W.;  Wu, L.;  Hsieh, Y.-C.;  Liu, P.;  Zhu, Y.;  Sasaki, K.; Renner, 
J. N., Reaction mechanism for oxygen evolution on RuO2, IrO2, and RuO2@ IrO2 core-
shell nanocatalysts. Journal of Electroanalytical Chemistry 2018, 819, 296-305. 

35. Lin, Y.;  Tian, Z.;  Zhang, L.;  Ma, J.;  Jiang, Z.;  Deibert, B. J.;  Ge, R.; Chen, L., Chromium-
ruthenium oxide solid solution electrocatalyst for highly efficient oxygen evolution 
reaction in acidic media. Nature communications 2019, 10 (1), 1-13. 

36. Kim, J.;  Shih, P.-C.;  Tsao, K.-C.;  Pan, Y.-T.;  Yin, X.;  Sun, C.-J.; Yang, H., High-performance 
pyrochlore-type yttrium ruthenate electrocatalyst for oxygen evolution reaction in acidic 
media. Journal of the American Chemical Society 2017, 139 (34), 12076-12083. 

37. Diaz-Morales, O.;  Raaijman, S.;  Kortlever, R.;  Kooyman, P. J.;  Wezendonk, T.;  Gascon, 
J.;  Fu, W.; Koper, M. T., Iridium-based double perovskites for efficient water oxidation in 
acid media. Nature communications 2016, 7 (1), 1-6. 



P a g e  | 91 

 

 

CdSe/Cu3P/CdSe Heterostructure as a Catalyst for 

Electrochemical CO2 Reduction in Alkaline Media  
 

5 

CdSe/Cu3P/CdSe HETEROSTRUCTURE AS A 

CATALYST FOR ELECTROCHEMICAL CO2 

REDUCTION IN ALKALINE MEDIA 

 

Electrochemical CO2 reduction is a significant research area due to the technological 

relevance of converting greenhouse gases, especially CO2, into useful fuels (while 

storing alternative renewable energy) and feedstock.1, 2 However, still many challenges 

have to be overcome to achieve efficient conversion due to the inertness of CO2. In 

addition, the hydrogen evolution reaction often competes with the electrochemical CO2 

reduction (eCO2RR), thus reducing the overall efficiency of the system.3, 4 To overcome 

these difficulties, it is extremely important to design efficient electrocatalysts with high 

selectivity. Other common challenges in the CO2 reduction, such as selectivity and 

efficiency, and the selection of particular catalysts of CO2 were already discussed in 

detail in chapter 1.  

Metals,5 metal complexes,6, and alloys7 have been extensively used as electrocatalysts 

for the CO2 reduction in the past three decades. To date, among the family of metal 

catalysts, Cu-based catalysts have been identified as potential candidates to reduce CO2 

into multi carbon products due to their unique properties. For instance, Cu is the only 

catalyst that can convert CO2 to 16 different products. This is observed using a highly 

sensitive electrochemical cell combined with gas chromatography and nuclear 

magnetic resonance spectroscopy.8 However, Cu-based catalysts suffer from low 

current density, poor selectivity of the products, and poor stability.9 Therefore, 

developing efficient Cu-based catalysts to achieve high current density, high 

C2+ selectivity, and high stability is crucial for the electrocatalytic reduction of CO2.  

Cu-derived oxides have great selectivity on C2 or C2+ with ~70% of Faradic efficiency 

(FE).10 On the other hand, Cu nanoparticles and nanocubes based electrocatalysts 

demonstrated up to 60% of FE for C2+ products.11, 12 For instance, low-pressure plasma-
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activation on Cu nanocubes that promotes more oxygen species on the surface of the 

nanocubes reached about 73% of FE for C2 and C3 products as well as higher selectivity 

for ethanol, n-propanol, and ethylene as the products of CO2 reduction.13 Recent studies 

indicate that the Cu gas diffusion electrode could reach near 70% of ethylene FE at 

higher current densities.14 Sargent’s group15 recently demonstrated that the 

incorporation of sulfur atoms and engineering the copper vacancies in the core-shell 

nanostructure of Cu based systems significantly enhances the reduction of CO2 into 

various multi-carbon alcohols. They successfully developed Cu2S–Cu core–shell 

nanoparticles with sulfur atoms in the core and copper vacancies in the shell that 

exhibited efficient reduction of CO2 to propanol and ethanol with FE of about 32%. 

Besides, metal-free catalyst such as nitrogen-doped ordered cylindrical mesoporous 

carbon with pyridinic/pyrrolic N sites that resulted in high electron density was utilized 

for CO2 electroreduction to ethanol with nearly 100% selectivity and 77% of FE16.. 

However, only few research works can be found on C2 products as compared to C1 

products, since the higher overpotential is still a challenge for the reduction of CO2 to 

C2+ products due to the difficulties in the formation of C–C bonds. In this direction, 

researchers started exploring Cu-based bimetallic catalysts including Au-Cu 

nanoparticles, Au/Cu core/shell nanoparticles and Cu−Pd nanoalloys for the CO2 

reduction. For instance,  bimetallic Cu−Pd catalysts with phase-separated Cu atoms 

favored the production of C2 products whereas the alternating arrangement of Cu and 

Pd atoms resulted in the production of CH4.
17 Thus, it is appealing to explore 

heterogeneous catalysis for electrocatalysis CO2 reduction in aqueous media. 

In this chapter, colloidal heterostructures based on Cu3P and CdSe were synthesized in 

two different geometries, namely Nanocorals and Sandwich-like. Our aim here was to 

exploit the advantages of both Cu and Cd in the electrochemical CO2 reduction 

reactions. The CdSe/Cu3P/CdSe Nanocorals and Sandwich-like heterostructures grown 

from hexagonal Cu3P platelets as templates were used directly as a catalyst for the CO2 

reduction reaction. Considering the advantages of Cadmium (Cd), including its inactive 

nature towards the hydrogen evolution, its low cost, and earth-abundance, we can state 

that this element is of great interest for the CO2 reduction.18  CdSe/Cu3P/CdSe 

Nanocorals and Sandwich-like heterostructures were investigated aiming to have 

optimal selectivity and stability for HCOO– in the liquid product, and CO as a gaseous 

product.  
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5.1 Synthesis of CdSe/Cu3P/CdSe heterostructures for CO2 Reduction 

5.1.1 Synthesis of Cu3P nanoplates 

The syntheses of Nanocorals and Sandwich-like heterostructures of CdSe/Cu3P/CdSe 

nanocrystals were adapted directly from the previous publications by our group.19 

Typically, the Cu3P nanoplates were synthesized by stirring of 1.6 mmol of CuCl, 9.7 

mmol of oleylamine, and 9.7 mmol of octylamine under an inert atmosphere, then the 

solution was heated at 180 °C for 2 hours, leading to a clear yellow solution. 

Simultaneously, a mixture of 8g of trioctylphosphine oxide (TOPO) and 8 mL of tri-n-

octylphosphine (TOP) was degassed in a separate reaction flask for 2 h at 150 °C under 

vacuum using a standard Schlenk line. The copper solution was cooled down to 150 °C 

before being injected into the reaction flask at 370 °C. After adding the copper solution, 

the temperature was reduced to 350 °C and the mixture was allowed to react for an 

hour. The reaction was quenched by quickly cooling it to room temperature. Ethanol 

was added into the crude solution to precipitate the nanocrystals and then the precipitate 

was washed three times by dispersing the precipitated nanocrystals in toluene and again 

adding ethanol for the precipitation of crystals. Finally, 4 ml of 1-octadecene was added 

to the washed NCs, which resulted in a Cu3P NCs dispersion with a 12 mM 

concentration of Cu+ ions. All the synthesized suspensions of NCs were stored in the 

glove box. 

5.1.2 Synthesis of CdSe/Cu3P/CdSe Nanocorals 

The pre-synthesized Cu3P nanoplates decorated with CdSe pillars look like nanocorals, 

as shown in the scheme. 5.1. The synthesis of nanocorals was carried out by mixing 

CdO powders in TOPO along with hexylphosphonic acid (HPA) and 

octadecylphosphonic acid (ODPA), as follows. Typically, 3g of TOPO was mixed with 

30 mg of CdO, 40 mg of HPA, 145 mg of ODPA, and 20 μL of HCl solution (obtained 

by adding 50 μL of 37% HCl to 10 mL of Milli-Q grade H2O) in a three-neck reaction 

flask. This mixture was then degassed for 2 hours under vacuum at 150 °C. A small 

amount of HCl was added to the reaction to suppress the nucleation of separate CdSe 

nanoparticles. Then, 1.5 mL of TOP was added under a nitrogen atmosphere and the 

temperature was raised to 300°C. 
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Meanwhile, a solution of Cu3P NCs dispersed in 0.5 mL of ODE was mixed with 0.3 

mL of a TOP-Se solution. The TOP-Se solution was prepared by dissolving 12 mg of 

selenium powder in 1 mL of TOP. The resulting Cu3P solution was then injected into 

the CdO solution flask. The reaction was allowed to take place for 8 min at 300 °C. The 

particles were precipitated after cooling the flask to room temperature and by the 

addition of methanol. Finally, the CdSe/Cu3P/CdSe Nanocorals were obtained by 

washing the solution three times by dispersion in toluene followed by precipitation via 

the addition of methanol.  

 
Scheme 5.1. The scheme illustrates the formation of various CdSe/Cu3P/CdSe heterostructures 

(a) Cu3P platelets; (b) Nanocorals, where, CdSe pillars decorated on Cu3P nanoplatelets (c) 

CdSe/Cu3P/CdSe sandwiches. Adopted with permission from ref19. Copyright © 2013 

American Chemical Society. 

5.1.3 Synthesis of CdSe/Cu3P/CdSe Sandwich-like Nanostructures 

The Sandwich-like nanostructures were synthesized by following the same procedure 

described above for the preparation of nanocorals except for the reaction temperature, 

which was 380 °C in this case, and for the ratios of reactants, which were optimized to 

produce sandwiches. The addition of a higher amount of phosphonic acids in the 

reaction resulted in the formation of sandwich-like structures and the thickness of the 

CdSe layers can be controlled by the reaction time (typically between 1 min to 8 mins). 

For our study, CdSe/Cu3P/CdSe sandwiches were prepared by adding 50 mg and 181 

mg of HPA and ODPA, respectively), and keeping all other precursors at the same value 

as the preparation of nanocorals (i.e., 30mg of CdO, 3g of TOPO, 0.3ml of TOP-Se 

solution containing 12 mg/mL of selenium and 0.5 ml of ODE-Cu3P dispersion). The 

reaction was carried out for 8 mins at 380 °C.  
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5.1.4 Synthesis of CdSe Nanocrystals 

The pure CdSe nanocrystals were synthesized by adding 280 mg of ODPA, 3g of 

TOPO, and 60 mg of CdO into a three-neck flask then the mixture was stirred under 

vacuum for 1 hour at 120°C. After one hour of stirring, under nitrogen flux, the 

temperature was raised to 380°C followed by the addition of the TOP-Se solution. The 

TOP-Se solution was prepared by dissolving Se powder in TOP, at 70 °C, under strong 

magnetic stirring until the solution becomes transparent. The as-prepared TOP-Se 

solution was injected into the above Cd solution and it was allowed to stir for 30 

seconds. The solution was then rapidly cooled down to room temperature, followed by 

the addition of toluene to precipitate the NCs. Later, the NCs were washed with 

methanol, and subsequently the CdSe NCs were redispersed in toluene followed by 

precipitation via the addition of methanol.  

5.2 Faradaic efficiency calculation 

The Faradaic efficiency (FE) of the CO2 electrochemical reduction of products can be 

calculated using the following formula:  

𝐹𝐸(%) = 𝑛𝑖𝐹ɸ𝑖𝐹𝑚 𝐼⁄  

Where ni is the number of electrons needed for CO2 reduction, F is the Faraday constant, 

ɸi is the volume fraction of the gases, I is the current obtained and Fm is the molar CO2 

gas flow rate. The number of electrons associated with reduction is 2, 8, 12, and 14 for 

the formation of CO, methane, ethylene, and ethane, respectively.20 The volume 

fraction of the gases was calculated by calibrating the gas chromatogram (GC) using a 

diluted mixture of gases of known concentrations. 

5.3 Electrochemical experimental conditions for the CO2 reduction 

The electrochemical reduction of CO2 was performed using all the synthesized catalysts 

in an electrochemical two-compartment H-cell purchased from Pine Research and a 

potentiostat from Princeton Applied Research (PARSTAT 2273). The two glass 

compartments of the cell were separated by a Nafion® 117 membrane to avoid the 

crossover of the products in the cathode compartment diffusing to the anode 

compartment and being oxidized.  
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Figure 5.1. Schematic illustration of three-electrode electrochemical H-cell for CO2 

reduction. 

The membrane was pretreated before the usage as follows; first, the membrane was 

boiled in a 5% hydrogen peroxide (H2O2) solution and deionized water. Then it was 

transferred to 0.05 M sulfuric acid (H2SO4) solution, and finally again in deionized 

water, for 1 hr with each solvent. In all the steps, the boiling temperature was 

maintained at 80°C. The catalyst was coated on the glassy carbon electrode that serves 

as the working electrode and 3M Ag/AgCl was used as a reference electrode, that was 

placed in the cathode side of the compartment. The Pt wire was used as the counter 

electrode, on the anode side. The electrolyte used in this reaction was a 0.5 M KCl 

(Potassium Chloride) solution. To avoid the formation of bubbles at the reference 

electrode, the electrolyte was kept under constant stirring at 600 rpm throughout the 

experiment and kept the reaction temperature at 25°C. The following scheme describes 

the used electrochemical two-compartment cell setup. 

All the potentials reported here are versus the reversible hydrogen electrode (RHE), 

which was converted using the following formula:  

𝐸𝑅𝐻𝐸 = 𝐸𝐴𝑔 𝐴𝑔𝐶𝑙⁄ + 0.197 + 0.059 ∗ 𝑝𝐻 

The LSVs were measured in the presence of Ar and CO2 (after saturating the electrolyte 

for 15 min with these gases) in a range of –0.4 to –1.2 V vs. RHE at a scan rate of 10 
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mV s-1. To reduce CO2 to useful products, the chronoamperometric measurements were 

carried out at two different potentials (–0.9 and –1.4 V vs. RHE), that were chosen from 

the CVs in the presence of CO2 to increase the possibility of the formation of liquid 

products in the electrolyte. The gas chromatograph was used to identify the gaseous 

products, whereas the liquid products were identified using nuclear magnetic resonance 

spectroscopy (NMR).  

5.4 Electrochemical CO2 reduction 

 
Figure 5.2. TEM images representing CdSe/Cu3P/CdSe (a) Nanocorals and (b) Sandwich-like 

heterostructures, (c) as synthesized Cu3P nanoplates and (d) CdSe nanoparticles (scale bars: 

50nm). 

The morphology of the as-synthesized Cu3P, CdSe, CdSe/Cu3P/CdSe Nanocorals, and 

Sandwich-like Nanostructures were studied using the Transmission electron 

microscopy (TEM) images. Figure 5.2 (c) illustrates the TEM images of as-produced 

Cu3P nanoplates with an average size of about 50 nm. The corals of CdSe grown on top 

of Cu3P nanoplates are visible in the TEM images (fig. 5.2(a)). Sandwich-like 

heterostructure as shown in Figure 5.2 (b) was obtained by increasing the number of 

phosphonic acids concerning Cu3P, as explained before, and performing the synthesis 

at 380 °C. The TEM images of pure CdSe nanocrystals are given in figure 5.2 (d). All 

these morphologies match well with the ones reported previously by our group.19  
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Figure 5.3. XRD patterns of CdSe/Cu3P/CdSe Nanocorals and Sandwich-like heterostructures 

as well as pure phase CdSe and Cu3P along with corresponding positions for the CdSe (JCPDS: 

98-041-5786) and Cu3P (JCPDS: 96-152-7900) phases.  

The X-ray diffraction pattern collected from the nanocorals and Sandwich-like 

heterostructures confirms the presence of both CdSe (JCPDS: 98-041-5786) and Cu3P 

(JCPDS: 96-152-7900) phase. The phase purity of as-synthesized pure Cu3P and CdSe 

nanocrystals were also investigated through XRD and the assigned diffraction peaks 

correspond to the hexagonal Cu3P and CdSe phase as reported (fig. 5.3). In-depth 

analysis on the structural and morphological properties of  these materials can be found 

in the literature reported previously by our group.19 

The LSV indicates that nanocoral has a more positive catalytic onset potential than the 

sandwich heterostructure. The large current increase between the −0.70 and −0.80 V 
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versus RHE in the LSV is predominantly attributed to the electrocatalytic H2 evolution 

(fig. 5.4(a)). 

 
Figure 5.4.  (a) Polarization curves of Nanocorals and Sandwich-like heterostructures in CO2 

saturated 0.5M KCl at the scan rate of 50mV s-1. Chronoamperometry measurements of (b) 

Nanocorals and (c) Sandwich-like heterostructures at different applied potentials (–0.9V to –

1.4V vs. RHE). 

Therefore, the chronoamperometry studies of each sample (Nanocorals and Sandwich-

like Nanostructures) was carried out in the potentials between −0.9 to −1.4V vs. RHE 

to assess the CO2 reduction efficiency as well as to promote the suppression of 

H2 evolution (fig. 5.4(b) and (c)). During the investigation of these two samples, CO 

and H2 were the only gaseous products detected from gas chromatography. The 

products obtained from the liquid were instead analyzed by NMR. The NMR detected 

s the majority of the obtained products are the formate (HCOO–) in both nanostructures 

used as electrochemical CO2 reduction catalysts.  

Figure 5.5 (a) and (b) displays the calculated faradaic efficiency of the products 

obtained after the CO2 reduction reaction by using the as-synthesized Nanocorals and 

Sandwich-like Nanostructures as catalysts. In the case of nanocorals, when the more 
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negative potential was applied (–1.4 vs. RHE) a higher FE of HCOO– was achieved 

(⁓55 %). At lower negative potential, it was observed that the FE of CO was higher 

(⁓90 %) and the H2 was completely suppressed for all these potential measurements. 

Although CO2 reduction has been observed within a narrow potential window H2 

evolution, which is thermodynamically and kinetically favored, is never fully 

suppressed. The same argument is supported also by the calculated FE plot of 

Sandwich-like Nanostructures. The FE of H2 (⁓ 40%) was more prominent than the 

HCOO– (⁓ 10%) product when measured at –0.9 V vs. RHE.  

 
Figure 5.5. Faradic efficiency (FE %) of gas products and liquid products on (a) Nanocorals 

and  (b)Sandwich-like heterostructures at different applied potentials (–0.9V to –1.4V vs. 

RHE). 

The selectivity of HCOO– for this heterostructure could be attributed to the following 

reasons. CO is a critical intermediate for the formation of HCOO– and Cd is well known 

to convert CO2 to CO at a given potential.21 Therefore, one of the possibilities could be 

that the presence of CdSe on the surface of the as-synthesized nanostructures converts 

the CO2 into CO which is then allowed to reach the Cu3P sites that sequentially reduces 

the CO into HCOO–. Previous research studies proved that the inclusion of P modulates 

the adsorption of key intermediates and thus switches the selectivity from the C−C 

coupled products which are typically produced by the copper to formate.22, 23 It is 

hypothesized that similar effects can be seen in our case as well since the presence of P 

in the CdSe/Cu3P/CdSe electrodes converts the intermediates which are eventually 

leading to the production of formate rather than the C−C coupling. On the other hand, 

in the case of Sandwich-like nanostructures, the Cu3P sites are not easily accessible as 

the CdSe completely covers the surface. This could explain the low FEHCOO
–

 compared 

to nanocorals.  
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Figure 5.6. (a) Polarization curves of Cu3P nanoplates and (b) CdSe nanoparticles in CO2 

saturated 0.5M KCl at the scan rate of 50mV s-1. 

To investigate this point in more detail, the pure Cu3P, as well as CdSe nanocrystals 

were also synthesized and used as catalysts for the electrochemical CO2 reduction under 

the same conditions. The LSV of CdSe was measured in the potential range between –

1.5 V to –2V vs. RHE, and the electrolysis was carried out for 30 mins in each of the 

potentials (fig. 5.6 (a) and 5.7 (a)). It was calculated that the FE for CdSe at a lower 

negative potential (–1.5V vs RHE) resulted in the production of about 90% of H2 and 

10% of CO. The H2 generation was suppressed from 90% to ⁓ 25% and CO was 

calculated as ⁓ 20%, and the remaining liquid product was found to be HCOO–. From 

these results, even though pure CdSe has higher selectivity towards the formate, the 

production of H2 was suppressed only when the CdSe was employed in the form of 

heterostructures along with the increment in CO selectivity as far as the gaseous 

products concerned (fig. 5.7 (c)). 

The Cu3P was studied in the lower negative potential window since in general, it is very 

active for H2 production. The LSV was scanned between –0.9 V to –1.6 V vs. RHE, 

and the chronoamperometry studies with each potential from –1.0 V vs. RHE was 

studied (fig. 5.6 (b) and 5.7(b)). The calculated FE displayed in figure 5.7 (d) for all the 

potentials showed FE of ⁓ 90% towards H2 and no other liquid products were detected 

from NMR. This could be due to the lower concentration of any converted products 

that are beyond the limit of detection in NMR. 

From these results, it is evident that the synergy between the CdSe and Cu3P in the 

heterostructures results in good selectivity and higher efficiency for HCOO– and CO 

products when used as an electrocatalyst in the CO2 reduction reactions. 
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Figure 5.7. Chronoamperometry stability test at different potentials of (a) CdSe (–0.9V to –

1.4V vs. RHE) and (b) Cu3P (–0.5V to –1.0V vs. RHE) and the corresponding FE of the gas 

and the liquid products of (c) CdSe and (d) Cu3P at measured potentials. 

5.5 Conclusion 

In summary, CdSe/Cu3P/CdSe Nanocorals, and Sandwich-like Nanostructures were 

developed through the colloidal approach. These NCs served as heterostructure 

electrocatalysts for CO2RR. Both the catalysts demonstrated higher selectivity towards 

HCOO– in the form of liquid product, however higher FEHCOO– of about 60% at –2V vs 

RHE, was observed from the nanocorals structures as compared to Sandwich-like 

Nanostructures that showed FEHCOO– about 40% measured at the same potential. 

Additionally, ⁓ 90% of FE toward CO was observed in nanocorals at a lower negative 

potential (1.5V vs. RHE), whereas Sandwich-like Nanostructures were prone to the H2 

evolution that suppressed the CO availability for further reduction to other useful C- 

products. Thus, the CdSe/Cu3P/CdSe Nanocorals prepared through a colloidal approach 

can be used potentially as efficient electrocatalysts for CO2RR. 
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6 

SUMMARY AND PERSPECTIVE 

 

Efficient and cost-effective electrocatalysts are essential components of catalysis 

technology. In this thesis, we focus on developing efficient, cost-effective and 

stable transition metal-based electrocatalysts for acid water splitting and alkaline 

CO2 reduction and understanding their catalytic reaction processes. The results can 

be summarized in three aspects: (i) investigation of acid-activated carbon paper 

(CP) and Ru incorporated CP for oxygen evolution reaction (OER) in acidic media, 

(ii) developing a template-assisted solution-based approach for the synthesis of 

yolk-shell Co3O4/Co1−xRuxO2 microspheres and studying its OER activity in acid 

media, (iii) Colloidal synthesis and analysis of CdSe/Cu3P/CdSe heterostructures as 

efficient electrocatalysts for CO2RR. 

Acid-activated carbon paper (ACP) was fabricated by immersing the pristine CP in 

acid and was used as an electrode for OER, however, the overpotential of such 

electrode was high and it demonstrated poor electrochemical stability. To address 

this issue, an attempt to incorporate Ru in the carbon paper was made since Ru is 

one of the stable and active metals for oxygen evolution in acid. The fabrication of 

Ru incorporated carbon paper (AACP–N–Ru) is a three-step process that involves 

acid activation, Ru incorporation, and pyrolysis.  The successful incorporation was 

examined by SEM-EDS analysis, which proved the presence of Ru along with N, 

and S. Compared to ACP, the Ru incorporated CP showed a superior 

electrochemical activity with a low onset potential of 230 mV vs. RHE measured at 

1 mA cm−2, which is comparable to the other carbon-based materials. A small Tafel 

slope of 74 mV dec-1 was shown by the AACP–N–Ru indicating the higher kinetic 

of OER. Furthermore, the AACP–N–Ru demonstrated 20 hours of electrochemical 

stability at 10 mA cm−2. Even though AACP–N–Ru performs better in terms of 

activity and stability compared to ACP, still the overpotential of this electrode is 
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high. In order to improve the activity and stability of the Ru incorporated CP, 

various loading of Ru should be further investigated. Moreover, various other earth 

abundant and active materials for OER such as Ni, Co, etc. should be further 

developed and studied. 

In the second part of the thesis, a template-assisted solution-based approach for the 

synthesis of yolk-shell Co3O4/Co1−xRuxO2 microspheres (MSs) has been presented. 

A comprehensive electrochemical characterization was carried out by utilizing MSs 

as electrocatalyst and compared with commercial RuO2. The catalyst satisfied the 

key criteria required for any electrocatalysts such as low overpotential, long-term 

stability, small Tafel slope, and high mass activity. The efficient electrochemical 

OER activity and long-term stability in acidic media is due to the peculiar 

morphology and the synergy between the Co3O4 core and Co1−xRuxO2 shell. The 

MSs attains a catalytic current density of 10 mA cm−2 at an overpotential of only 

240 mV, and a small Tafel slope of 70 mV dec−1. The MSs exhibit high mass 

activity of 600 A g−1 and maintain its activity throughout 24 h Chronopotentiometry 

tests at constant current densities of 10 and 20 mA cm−2. 

For the conversion and storage of renewable energy, the electrochemical reduction 

of CO2 to hydrocarbon fuels and chemicals considered to be one of the most 

promising strategies. In the last part, CdSe/Cu3P/CdSe Nanocoral, and Sandwich-

like Nanostructures has been prepared by the colloidal approach. These NCs were 

characterized by transmission electron microscopy, X-ray diffraction, and served as 

heterostructure based electrocatalysts for CO2RR. The nanocoral structured catalyst 

demonstrated higher CO2-to- HCOO– conversion giving a FEHCOO– of about 60% at 

–1.4 V vs RHE. On the other hand, Sandwich-like Nanostructures  showed FEHCOO– 

about 40% measured at the same potential. Additionally, FE of CO2-to-CO 

Conversion on nanocoral is about ⁓ 90% at a lower negative potential (1.0 V vs. 

RHE), whereas Sandwich-like Nanostructures were prone to the H2 evolution that 

suppressed the CO availability for further reduction to other useful C- products. 

Thus, the CdSe/Cu3P/CdSe Nanocoral prepared through a colloidal approach can 

be used potentially as an efficient electrocatalysts for CO2RR. The post 

characterization of the catalyst should be further investigated to have a better insight 

on the CO2RR mechanism. Further, the maximum current densities achieved in a 

conversional H-cell is far less than the commercial electrolyzer is. This is because 
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the free CO2 reactants prior reaching the catalyst surface dissolves in aqueous 

electrolyte and requires vigorous stirring of electrolyte to facilitate the mass 

transport. In addition, the concentration of the obtained products is low. The 

alternate strategy could be the utilization of flow cell where the catalysts are 

supported on the gas diffusion layer (GDL). Gaseous CO2 is fed from the rear of 

the porous electrode onto the catalyst surface directly, without being dissolved in 

the electrolyte. This creates a triple phase boundary between CO2, electrons, and 

water. This system improves the diffusion rate of CO2 to the catalyst surface and 

lower the solubility which further improves the efficiency of overall CO2RR. 
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APPENDIX - I 

AACP–N–Ru AS HYDROGEN EVOLUTION 

CATALYST IN ACID 

 

 
Figure A1.1. Cyclic voltammetry curve of AACP–N–Ru studied as a hydrogen 

evolution catalyst in acid media (0.5M H2SO4) at 10mv s-2. 
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APPENDIX - II 

EFFECT OF REACTION TIME, SOLVENT AND 

ANNEALING TEMPERATURES ON 

Co3O4/Co1−xRuxO2 MSs 

 

FESEM images and elemental mapping for different reaction time discussed in chapter 

3 is listed below. This appendix also shows the TEM images discussed in chapter 3. 

 

 
Figure A2.1. FESEM image of the products of Co-G reaction with RuCl3 solution at (a) 1 hour 

and the corresponding elemental mapping (Scale bars_ 200nm). 
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Figure A2.2. FESEM image of the products of Co-G reaction with RuCl3 solution at (a) 3 hours 

and the corresponding elemental mapping (Scale bars_ 200nm). 

 
Figure A2.3. FESEM image of the products of Co-G reaction with RuCl3 solution at (a) 6 hours 

and the corresponding elemental mapping (Scale bars_ 200nm). 
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Figure A2.4. FESEM image of the products of Co-G reaction with RuCl3 solution at (a) 24-

hours and the corresponding elemental mapping (Scale bars_ 200nm). 

 
Figure A2.5. FESEM image of the products of Co-G reaction with RuCl3 solution at (a) 15 

minutes, and the corresponding elemental mapping (Scale bars_ 200nm). 
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Figure A2.6. FESEM image of the products of Co-G reaction with RuCl3 solution at (a) 30-

minutes, and the corresponding elemental mapping (Scale bars_ 200nm). 

 
Figure A2.7.  TEM image Co-Ru oxide precursor produced by reacting with only ethanol, 

leaving the solid sphere intact (Scale bar: 100 nm). 
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Figure A2.8. TEM images of the products of Co-G reaction with RuCl3 solution washed with 

(a) PVP (b) 0.1 M HCl, (c) 0.5M HCl and (d) 1M HCl (Scale bars_ 200nm). 

 
Figure A2.9. TEM images of CoxRu1-xO2 powders annealed at different temperatures (a) 300 

(b) 350, (c) 400 and (d) 500 °C at 10°/min for 1 hour (Scale bars_ 200nm). 
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Figure A2.10. µ-XRF of Co3O4/Co1−xRuxO2 microspheres (MSs) and elemental mapping of Co 

and Ru. 

Table A2.1. Co and Ru atomic percentage derived from µ-XRF, collected in various positions 

from figure A2.9.  

 Co 

(Atomic %) 

Ru 

(Atomic %) 

Object 1 63 37 

Object 2 66 34 

Object 3 69 31 

Object 4 60 40 
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APPENDIX - III 

THREE ELECTRODE SYSTEM AND LSV OF 

COMMERCIAL RuO2 

 

 

Figure A3.1. Three-electrode system used for oxygen evolution reaction. The working 

electrode (WE), Reference electrode (RE), and counter electrode (CE) are immersed into 0.5M 

H2SO4 electrolyte.  

 
Figure A3.2. LSV of commercial RuO2 at its first and fifth cycle. 

WE 

RE 

(Ag/AgCl) 

CE (Pt) 
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APPENDIX - IV 

GAS CHROMATOGRAPHY SETUP WITH 

THE H-CELL 

 

 

 

Figure A4.1. (a) Working cell connected to gas chromatograph and potentiostat (b) H-cell 

showing the working electrode (WE, glassy carbon electrode), Counter electrode (CE, 

Platinum). Reference electrode (RE, Ag/AgCl). (c) Enlarged image of working electrode setup 

with gas inlet and outlet connection.  
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APPENDIX - V 

Co3O4/CoxRu1-xO2 AS A NITROGEN REDUCTION 

(N2RR) CATALYST 

 

The yolk-shell Co3O4/Co1−xRuxO2 microspheres (MSs) synthesized in chapter 3, was 

also used as a catalyst for Nitrogen reduction.  

Electrochemical Nitrogen reduction (N2RR) is carried out in a two-compartment cell. 

The one compartment of the cell contains the working electrode (catalyst coated on 

glassy carbon electrode) and the reference electrode (3M Ag/AgCl). The other 

compartment consists of a counter electrode (platinum). A gas outlet tube from the 

working electrode compartment is immersed into 0.1M KOH (trap). Each side of the 

cell is filled with 0.1 M KOH as an electrolyte. An activated Nafion 117 membrane (the 

activation process is discussed in detail in chapter 5) separates the two compartments. 

Cyclic voltammetry was measured between the 0.2 to – 0.6 V vs. RHE at the scan rate 

of 10mV/s. The electrolysis was carried out at each potential to estimate the yield and 

the Faradic efficiency (FE%) of the nitrogen reduction. 

 

Figure A.5.1. Two-compartment N2 reduction cell connected with the trap. 
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Figure A5.2. (a) CV of Co3O4/CoxRu1-xO2 in N2-saturated 0.1 M KOH electrolytes with a 

scan rate of 10 mV/s and (b) Chronoamperometry curves at selected potentials. 

 

Table A5.1. Table showing the Faradic efficiency (%) of the catalyst recorded at different 

potentials. 

C  
(Potential) 

V 

V  
(Volume) 

ml 

Q  
(Area) 

SA 

F
E  

(Faraday's Efficiency) 
% 

-0.1 18 10.7 2.8 
-0.2 18 44.42 0.7 
-0.3 18 62.24 0.6 
-0.4 18 132.83 0.3 
-0.5 18 172.33 0.2 

 

The FE calculated at –0.1 V vs.RHE, which is the lower potential, shows a higher FE of 2.8% 

compared to FE measured at other potentials. The following table shows the amount of N2 

reduced at each potential at different compartment of the cell as well as trap. 
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Table A5.2. Table listing the yield produced at different potentials and different 

compartments of the cell WE (working electrode) CE (counter electrode) 

Potential(V) Yield 
(μg cm–2 h–1) 

0.1 V  WE 0.50 
0.1 V CE 0.68 
0.1 V Trap 0.03 
0.2 V WE 3.66 
0.2 V CE 0.25 
0.2 V Trap 0.19 
0.3 V WE 3.06 
0.3 V CE 2.46 
0.3 V Trap 0.94 
0.4 V WE 4.25 
0.4 V CE 0.84 
0.4 V Trap 1.01 
0.5 V WE 2.02 
0.5 V CE 0.38 
0.5 V Trap 0.73 
0.6 V WE 5.18 
0.6 V CE 2.94 
0.6 V Trap 0.913 
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APPENDIX - VI 

SYNTHESIS OF COBALT ANTIMONY OXIDE 

CATALYST FOR OXYGEN EVOLUTION REACTION 

According to Pourbaix diagrams, metal oxides of Ni, Mn, and Sb are stable in acidic 

conditions at OER potentials.1, 2 Furthermore, selected transition-metal antimonates, 

such as MSb2O6 (M: Mn, Fe, Co, Ni, Zn),3 are predicted to be stable at all temperatures. 

Crystalline antimonates have not been thoroughly optimized or discovered for water 

oxidation. Furthermore, many other earth-abundant transition metals form rutile-type 

oxides with antimony, and their stability and activity towards water oxidation in acid 

are unknown. Further studies on the activity and stability of the transition metal 

antimonates, along with a mechanistic understanding of the electrocatalyst 

enhancement, could lead to the development of earth-abundant catalysts with activities 

comparable to noble metal oxides.3 Literature proves that nanoparticles of Oxides of 

antimony possess excellent properties as compared to bulk oxides of antimony, for 

example, a higher refractive index,4 higher abrasive resistance, higher proton 

conductivity,5 excellent mechanical strength, 6 and higher absorbability.7 

In general, Oxides of antimony nanoparticles can be synthesized via several methods 

such as microemulsion,8 solution-phase reductions,9 hydrothermal,10-13 X-ray 

radiation– oxidization,14, 15 and biosynthesis,16 hybrid induction method, and laser 

heating (HILH)7 as well as thermal oxidation.17 However, there are some limitations 

associated with these methods mainly due to the high temperature and high pressure for 

hydrothermal synthesis and complicated techniques for the X-ray radiation–oxidization 

route. 

Herein, we decided to use a colloidal approach to synthesize CoSb2O6 NCs. By tuning 

the different reaction parameters (precursors, solvents, surfactants, reaction time, 

temperature, etc...) we are trying to achieve control over the size, shape, and 

composition of the resulting NCs.  X-ray diffraction (XRD), transmission electron 

microscopy (TEM) measurements were performed to characterize the crystal structure, 

morphology, size, and composition of the nanocrystals, respectively. 
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A6.2 Experimental section 

Chemicals. Cobalt (II) acetate [Co(OAc)2, 99.995%], Antimony(III) acetate 

[Sb(CH₃CO₂)₃, 99.99%], 1-octadecene (ODE, 90%), oleylamine (OLA, 98%), Oleic 

acid (OA, 90%), ethanol (99.9%), toluene (99.7%), Isopropanol (IPA, 99.8%) were 

purchased from Sigma-Aldrich. All the chemicals were used as received. 

Synthesis of CoSb2O6. All the reactions were carried out under nitrogen or argon 

atmosphere using standard Schlenk line techniques. The equal ratios of Sb and Co 

precursors (0.4 mmol of Sb(CH₃CO₂)₃ and 0.4 mmol of Co(OAc)2) were mixed in a 

25mL three-neck flask. 1.85mL of oleylamine (OLA), 1.78 mL of oleic acid (OA), and 

10 mL of 1-Octadecene (ODE) were added. The flask was placed on a heating mantle 

with a temperature controller, and the thermocouple was inserted between the flask and 

the heating mantle, under magnetic stirring. First, the mixture was degassed under 

vacuum at Room temperature for 5 min followed by 110 °C for 1 hour to remove any 

moisture and oxygen. Then the N2 or Ar atmosphere was allowed slowly into the flask 

chamber. After 1 hour of degassing under an inert atmosphere, the temperature was 

increased to 300°C and retained for 1h. The system was rapidly cooled with air. The 

product was dispersed using isopropanol and precipitated by the mixture of toluene and 

ethanol thrice, and then the NCs were dispersed in toluene. The sample was dried at 

60⁰C overnight followed by annealing at 500⁰C for 1 hour @2⁰/min in the muffle 

furnace.  

The ratio between OLA and OA was changed to obtain the desired product. The table 

shows the product formation with the different ratios of OLA and OA, the major 

product was the formation of Sb2O3 after annealing the product formed is given in 

detail. 

The electrochemical activity of these materials was tested in acid, it showed very high 

potential and the stability of these mixed oxides was poor in acid medium. Since there 

is no pure phase formation obtained from the previous method, 

Triphenylantimony(PhSb) and Cobalt Chloride are used as precursors instead of 

Sb(CH₃CO₂)₃ and Co(OAc)2 all the other reaction solvents and conditions are kept the 

same. The table shows the precursors and the product formation. 
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Table A6.1. The precursors used ratio of OLA and OA along with the products formed before 

and annealing.  

Sample name  Precursors 

 

OLA: 

OA 

Products (from XRD) 

Before 

annealing 

After annealing 

CoSbO_1_5 

Sb(CH₃CO₂)₃ 

Co(OAc)2 

1:5 
CoSb2 

Sb2O3 

CoSb2O4 

CoSb2 

Sb2O3 

CoSb_1_7 
1:7 

CoSb2 

Co3O4 

CoSb2O4 

Sb2O4 

CoSb_a_1_3 

Sb(CH₃CO₂)₃ 

CoCl2.6H2O 

1:3 
CoSb2 

Sb2O4 

CoSb2O6 

Sb2O4 

CoSb_a_1_5 
1:5 

CoSb2 

Sb2O4 

CoSb2O6 

Sb2O4 

CoSb_a_3_1 
3:1 

CoSb2 

Co3O4,  Sb2O4 

CoSb2O6 

Sb2O4 

CoSb_a_5_1 
5:1 

CoSb2 

Co3O4  

CoSb2O6 

Sb2O4 

CoSb_b_5_1 SbCl2 

CoCl2 
5:1 CoSb2 

CoSb2O6 

CoSb2O4 

Table A6.2. Triphenylantimony(PhSb) and Cobalt Chloride are used as precursors with 

different ration of OLA and OA and the products are listed before and after annealing. 

Sample name  Precursors 

 

OLA: 

OA 

Products (from XRD) 

Before 

annealing 

After annealing 

CoSb_PhSb_1_5 

C18H15Sb 

CoCl2 

1:5 CoSb2 
CoSb2O4 

CoSb2O6 

CoSb_PhSb_5_1 
5:1 CoSb2 

CoSb2O4 

CoSb2O6 
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Figure A6.1. X-Ray diffraction pattern of CoSb2Ox synthesized with PhSb and CoCl2 with 

different ratios of OLA and OA, along with the reference patterns of CoSb2O4  (ICSD: 98-026-

2626) and CoSb2O6 (ICSD: 98-010-8964). 

 
Figure A6.2. TEM image of CoSb2Ox with different ratios of OLA and OA 1:5 (left) and 5:1 

(right). 
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Figure A6.3. Cyclic voltammetry (CV) curve of CoSb2Ox with 1:5 and 5:1 ratios of OLA and 

OA at 10mV s-1 
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APPENDIX - VII 

TRANSITION METAL TELLURIDE FOR HYDROGEN 

EVOLUTION REACTION IN ACID MEDIA 

 

Electrochemical splitting of water into hydrogen fuel and oxygen byproducts has been 

proven a facile and effective method in the production of hydrogen. In acid electrolyte, 

the Pt group noble metals exhibit excellent catalytic activities toward hydrogen 

evolution reaction (HER). Therefore, the key to implementing the electrolysis in large-

scale practical hydrogen preparation is finding an efficient electrocatalyst to replace the 

Pt group materials. Cobalt telluride, CoTex has been synthesized with a variety of 

different morphologies. They have been reported to show high performance as 

electrocatalysts to oxygen reduction reaction (ORR), oxygen evolution reaction (OER), 

electrocatalysts for CO2 reduction, and dye-sensitized solar cells. However, the 

research on other transition metal telluride as an electrocatalyst to HER has rarely been 

reported.  

Feng et al. proposed that Fe doping into the crystalline structures of NiTe and CoTe can 

produce significant electronic effects.  

According to the reports, telluride can be used as catalysts for the HER, oxygen 

reduction reaction (ORR), oxygen evolution reaction (OER), and other electrochemical 

applications. Compared with oxide, sulfide, and selenide, telluride has a better electron 

conductivity and can help in improving the electrocatalytic activity. However, telluride 

has a high hydrogen evolution overpotential. Therefore, finding a solution to the 

question of how to regulate the intrinsic catalytic activity of telluride and reduce the 

overpotential is essential. 

Synthesis of Iron Telluride (FeTe) 

Synthesis of Iron Gycerate (Fe -G): 

➢ 0.5mm of Fe(NO3)3.9H2O was dissolved in 8mL of glycerol and 40 mL of IPA.  

➢ The solution was transferred into the autoclave and held at 180⁰C for 6 hours.  

➢ The sample was washed with ethanol several times and dried at room 

temperature. 
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Figure A7.1: TEM image of Fe-G (Scale bar: 200 nm). 

Synthesis of Iron Telluride (FeTe) 

➢ 10 mg of FeGly dispersed in 5 ml of water and added to NaHTe solution under 

constant stirring for 3 hours  

NaHTe solution: 

➢ 0.1 mmol of Te was dispersed in 20 ml of water and 0.2 mmol of NaBH4 was 

added. 

➢ Stirred for 3 hours 

(The experiments were carried out under an argon atmosphere)   

FeTe  (1:1) (1:2) 

The amount of Te 

precursor was varied  

Te – 12.75 mg 

NaBH4 – 7.56 mg 

Te – 25.52 mg 

NaBH4 – 15.13 mg 

Fe-G 10 mg 10 mg 
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Figure A7.2. XRD pattern of Iron telluride from the different ratios of Fe-G and NaHTe 

precursors along with the reference pattern of FeO and Te.  

 

Figure A7.3. TEM image of FeTe from different ratios of Fe-G and NaHTe precursor (a) 

1:1 and (b) 2:1(scale bar: 200nm) 
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The synthesized FeTe was subjected to Hydrogen evolution studies in 0.5MH2SO4. 

 
Figure A7.4. Cyclic voltammetry HER measurement of FeTe (1:2) and (2:1) in 0.5 M 

H2SO4 at 10mV s-1 (Potential Vs RHE) 
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APPENDIX - VIII 

SYNTHESIS OF CoRuOx FROM ZIF-67 FOR OXYGEN 

EVOLUTION  

 

Synthesis of Ru into cationic sublattice of Transition Metal Oxide structures (e.g., 

spinel cobalt oxide) through an ion exchange–pyrolysis procedure facilitated by metal-

organic frameworks. Initially, ZIF-67 nanocubes were synthesized, followed by the 

incorporation of Ru and pyrolysis.  

 
Scheme A8.1. Synthesis scheme of ZIF-67 nanocubes. 

 
Scheme A8.2. Synthesis scheme of Ruthenium atom integration into ZIF-67. 
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Figure A8.1. XRD pattern of ZIF-67 (top) and CoRuOx (middle) along with reference pattern 

of Co3O4 and RuO2. 

 
Figure A8.2. TEM images of (a) ZIF-67 and (b) CoRuOx. (Scale bar: 200nm). 
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Figure A8.3. Cyclic voltammetry of CoRuOx in 0.5 M H2SO4 at 10mV s-1 (Potential Vs 

RHE). 
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APPENDIX - IX 

LIST OF CHEMICALS 

 

This appendix reports the chemicals used for the experiments reported in the present 

thesis. All the compounds were used as purchased without further purification. 

Carbon paper (Toray 090) purchased from Fuel cell store 

Nafion 117 membrane 

Materials purchased from Sigma Aldrich 

Sulfuric acid (98 %) 

Nitric acid (68 %) 

Ruthenium(III) chloride (RuCl3.xH2O) 

Urea 

Nafion™ perfluorinated resin solution (5 wt. % in mixture of lower aliphatic alcohols 

and water) 

Cobalt(II) nitrate hexahydrate 

Manganese(II) nitrate tetrahydrate 

Chromium (III) nitrate hexahydrate 

Iron(III) nitrate nonahydrate 

Nickel(II) nitrate hexahydrate 

Copper(II) nitrate trihydrate 

Ruthenium nitrate 

Lead(II) nitrate 

Copper chloride 

Polyvinylpyrrolidone (PVP) 

Oleylamine 

Trioctylphosphine oxide 

Tri-n-octylphosphine 

Hexylphosphonic acid 

Octadecylphosphonic acid 
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Selenium powder  

Cadmium oxide 

Nafion® 117 membrane 

Potassium Chloride 

Ruthenium(IV) oxide 

Potassium hydroxide 

Antimony(III) acetate 

Cobalt(II) acetate 

Antimony trichloride 

Triphenylantimony(PhSb) 

Cobalt Chloride 

Sodium borohydride 

Tellurium powder 

Potassium hexachloro ruthenate 

Cetyltrimethylammonium bromide 

2-methylimidazole 

Ethanol 

Isopropanol 

Glycerol 
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APPENDIX - X 

CHARACTERIZATION TECHNIQUES 

This appendix reports the detailed description of the techniques employed for the 

characterization of the layered perovskite materials discussed in the present thesis. 

A10.1 Structural Analysis 

A10.1.1 X-Ray Diffraction 

Powder X-Ray Diffraction (P-XRD) patterns on the carbon paper, microspheres, and 

heterostructures reported in Chapters 2, 4, and 5 were acquired on a PANalytical 

Empyrean X-ray diffractometer equipped with a 1.8 kW CuK ceramic X-ray tube, a 

PIXcel3D 2x2 area detector, and operating at 45 kV and 40 mA. The microspheres were 

placed on a zero-diffraction Si substrate for carrying out the XRD analysis. In the case 

of the carbon paper, the samples were carefully laid down flat on the substrates. 

X-ray diffraction studies on the samples (figure 3.7) reported in Chapter 3 were 

conducted on a Rigaku SmartLab system. Equipped with a 9 kW rotating Cu anode 

working at 40 kV and 150 mA and a D/teX Ultra one-dimensional silicon strip detector 

on finely grounded samples, prepared by using an agate mortar and pestle and deposited 

on zero-diffraction Si substrates. 

A10.2 Morphological Characterization and elemental analysis 

A10.2.1 Field emission Scanning Electron Microscopy and energy 

dispersive spectroscopy (EDX) 

Secondary electron imaging and compositional and topographic imaging on the 

materials reported in all the chapters were conducted was performed on a JEOL JSM-

7500AS scanning electron microscope. The samples for the SEM analysis were drop-

cast on carbon tape substrates.  

A10.2.2 Transmission electron microscopy (TEM) 

Conventional TEM observations were performed on a JEOL JEM-1011 microscope 

operated at 100 kV. The samples for TEM observations were prepared by dispersing 

the MS powder in ethanol and then drop-casting it onto ultrathin carbon-coated Cu 

grids, reported in chapters 3 and 4. High-resolution TEM (HRTEM), scanning TEM 
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(STEM), and energy-dispersive X-ray (EDX) spectroscopy characterization was 

performed by using a JEOL JEM 2200FS TEM microscope operated at 200 kV and 

equipped with an image corrector and a Bruker Quantax 400 EDX system with a 60 

mm2 XFlash detector. 

A10.2.3 Micro X-ray Fluorescence Spectroscopy 

Micro X-ray Fluorescence analyses were performed using a Bruker M4 Tornado µ-

XRF spectrometer equipped with an air-cooled rhodium tube operated at 50 kV and 

200 µA. A silicon drift detector with a 30-mm2 sensitive area and energy resolution of 

<145 eV for Mn Kα was used. The beam was focused to a spot size of ca. 25 µm by 

using poly-capillary optics. The measurements were carried out directly on the samples 

previously placed on the µ-XRF platform under 20 mbar vacuum conditions. The 

samples were scanned “on the fly” using a measurement time of 100 ms per pixel with 

a spacing of 11 μm, by moving the sample stage continuously to create the two-

dimensional map. Spectra acquisition, elemental map evaluation, and quantification 

were done based on the fundamental parameter method using the Esprit software from 

Bruker. The reported values are the average of five different measurements with a 

standard deviation below 0.1. 

A10.2.4 Inductively coupled plasma optical emission spectroscopy 

(ICP-OES) 

 Detailed elemental analysis was carried out via inductively coupled plasma optical 

emission spectroscopy (ICP-OES) using an iCAP 6500 Thermo spectrometer. All 

chemical analyses performed by ICP-OES were affected by a systematic error of about 

5%. The samples were decomposed overnight in aqua regia (the ratio of HCl to HNO3 

was 3:1 (v/v)) prior to the ICP measurements. 

A10.3 Vibrational Characterization 

A10.3.1 Raman Spectroscopy 

Raman experiments on the carbon paper reported in Chapter 2 were performed under 

backscattering conditions at room temperature and in a helium-cooled cryostat 

(Montana Instruments), using a Jobin-Yvon HR800 micro-Raman system equipped 

with a liquid-nitrogen-cooled charge-coupled detector (CCD) and 50× objective lenses 

(N.A.=0.45). We used wavelengths of 442 nm from a He-Cd laser and 632.8 nm from 

a He-Ne laser. 1800 lines/mm and 2400 lines/mm gratings were used in the Raman 
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measurements, where the spectral resolution was 0.19 cm-1 per CCD pixel under 632.8 

nm excitation with 2400 lines/mm. The laser-plasma lines were removed by Bragg-

volume-grating-based bandpass filters from OptiGrate Corp. Measurements down to 5 

cm-1 for each excitation wavelength were achieved by three BragGrate notch filters 

from OptiGrate Corp with the optical density of 3~4 with the full width of half 

maximum of 5-10 cm-1. The laser power was kept below 500 μW to avoid laser-induced 

damage. 

A10.4 Surface Analysis 

A10.4.1 X-ray Photoelectron Spectroscopy (XPS) 

The MSs sample were prepared by pressing a few milligrams of finely ground RPLP 

platelets powder onto high purity indium pellets (Sigma Aldrich). Measurements were 

carried out using a Kratos Axis UltraDLD spectrometer (Kratos Analytical Ltd., UK) 

using a monochromatic Al Kα source (hν = 1486.6 eV) operated at 20 mA and 15 kV. 

The analyses were performed on a (300 × 700) μm2 area. High-resolution spectra were 

collected at a pass-energy of 10 eV and an energy step of 0.1 eV. Data analysis was 

performed with CasaXPS software (Casa Software, Ltd., version 2.3.22). 

A10.4.2 Nuclear Magnetic Resonance (NMR) Spectroscopy   

Nuclear magnetic resonance spectroscopy (NMR) was performed on each electrolyte 

sample acquired at different potentials for each sample to identify and quantify the 

formed liquid products by using a Bruker AvanceIII 600 MHz spectrometer equipped 

with a 5mm QCI cryoprobe. 5 mm disposable tubes for Sample-jet were employed, 

each filled with 500 µL of solution (containing 10% of D2O for the lock engaged, 

purchased from Sigma-Aldrich). Before acquisition manual matching and tuning, and 

automatic resolution optimization was performed on each sample tube along with a 

manual optimization of the 90° pulse, the offset (O1), and the power level for the pre-

saturation of the water signal. Then, 64 transients were accumulated at a fixed receiver 

gain (18), with Chapter  IV 64K  complex data points and  30  s  of a  relaxation delay,  

over a  spectral width of  20.03  ppm.  An exponential apodization function equivalent 

to 0.3 Hz was applied to the Free Induction Decays (FID) before Fourier transform.  

Spectra were referred to a trimethylsilyl propionate set at 0.00 ppm. The pH of each 

solution was measured for a water (TSP) signal suppression, which was carried out on 

each sample manually.  The quantification was performed using a PULCON external 
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standard method compared to a standard solution of dimethyl sulfone (4.5 powder.  The 

limit of detection for each compound was 1 μM) prepared from an M, whereas the limit 

of quantification was 3 assumed to be 10 μ M. 

A10.5 Electrochemical Analysis 

The electrochemical oxygen evolution and Co2 reduction over the synthesized catalysts 

were performed with potentiostat from Princeton Applied Research (PARSTAT 2273). 

The gas products were analyzed using a gas chromatograph (SRI 8610C) purchased 

from SRI Instruments. 
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