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ABSTRACT 

ASHOK, ANCHU., Doctorate: [June]: [2019], 

Doctorate of Philosophy in Materials Science and Engineering 

Title: Development of Bifunctional Oxygen Electrocatalyst Using Solution 

Combustion Synthesis for Fuel Cell Application. 

Supervisor of Dissertation: Prof. Faris Tarlochan. 

Advanced energy storage and conversion systems such as fuel cells and metal air 

batteries achieved wide attention. Oxygen reduction reaction (ORR) and Oxygen 

evolution reaction (OER) are the prominent reactions that govern the charging and 

discharging capability of batteries as well as fuel cells. The bifunctional electrocatalyst 

that can be used to activate both the reactions (ORR and OER) are demanding and still 

challenging. Platinum (Pt) group metals are found to be the most efficient 

electrocatalyst, but their high cost and limited availability restrains large scale 

commercialization. Intensive research focused on developing highly active, cost-

effective and earth abundant materials for bifunctional oxygen electrocatalyst for next 

generation energy sources.    

In this work, we mainly focused on the solution combustion synthesis (SCS) method 

for preparing nanoparticles and studying their bifunctional electrocatalytic performance 

in alkaline medium. The structure, physio-chemical nature and composition of the 

material can be tuned by the synthesis condition that enables us to correlate them with 

the catalytic performance for oxygen reactions.  

In SCS technique, the fuel to oxidizer ratio (φ) is identified as a critical parameter 

affecting the properties of the synthesized nanoparticles. In the first part of this study, 

we prepare cobalt nanoparticles with different fuel ratio (φ = 0.5, 1 and 1.5). Then we 
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synthesized bimetallic Ag-M (Cu and Co) using three different modes of SCS. The 

phase distribution of the catalyst after stability shows a clear phase de-alloying and 

segregation of elements that reduces the performance.  

Thereafter, we focused on perovskite materials LaMO3 (M = Cr, Mn, Fe, Co, Ni) with 

stable and homogeneous perovskite phases. LaMnO3 shows the maximum current 

density for ORR, whereas LaCoO3 shows best performance for OER. Finally, we 

focused on enhancing the surface area of perovskite by incorporating a leachable salt 

(e.g. KCl) during combustion that breaks down the three-dimensional crystalline 

structure to restrict post combustion agglomeration and sintering, which in-turn 

translates into better electrocatalytic performance. Based on these results, we conclude 

that the salt assisted SCS has the potential for preparing highly efficient and durable 

bifunctional electrocatalyst suitable for fuel cells and metal air batteries.   
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CHAPTER 1: INTRODUCTION 

1.1. Introduction 

Increasing energy consumption, rising greenhouse gas emission from fossil fuel 

combustion and its adverse effect on environment stimulated intense research work to 

develop renewable and alternative energy sources such as solar, wind, wave powers and 

some modern energy storage and delivering systems such as batteries and fuel cells [1-

3]. To date, combustion of fossil fuels is used as a major energy source to meet highly 

demanding applications in industry and transportation. Researchers and scientist are still 

searching for alternative energy system with low cost, high efficiency, environmentally 

friendly and highly abundant in nature. In 2017, US Energy Information Administration 

(EIA) reported an increase in demand of consumable energy by the mid-21st century 

worldwide [4] (Figure 1.a).  
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Figure 1. a) World net energy generation (trillion kilowatt hours) by different energy 

source through (2012-2040) b) Greenhouse gas emission in US (2016) from different 

economic sector [4]. 

 

The consumption of fossil fuel to generate electricity keeps increasing every year and it 

is anticipated that approximately 57 % of the total electricity by 2040 will depend on the 

fossil fuel energy (natural gas and coal). Inventory of U.S. Greenhouse Gas 

Emissions and Sinks in 2016 published the estimation of total greenhouse gas emission 

from different public sectors in US is shown in Figure 1.b. The largest share of greenhouse 

gas was shared by transportation (28%) and electricity (28%) through the burning of fossil 

fuels such as coal, natural gas, gasoline and diesel [2]. These studies alerted the 

importance of reducing fossil fuels in future and thereby minimizing the emission of 

greenhouse gases to save the nature.  

More environmentally friendly and greener technologies have gained great attention 

among researchers, and fuel cell-based technology is one of the most interesting owing 

https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
https://www.epa.gov/ghgemissions/inventory-us-greenhouse-gas-emissions-and-sinks
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to its high efficiency, unlimited resources, environmentally safe and noise less system 

when compared to conventional energy distribution system [5,6]. Fuel cells generate heat 

and electricity during the electrochemical reaction between the hydrogen and oxygen to 

form water. Unlike batteries, it does not require recharging as long as fuel and oxidants 

are continuously supplied. When compared to thermal engine, fuel cells are 

environmentally friendly, highly efficient and surplus source of reactants make fuel cell 

a better candidate for energy in coming generations [7,8]. Due to its efficient performance 

and technology they are widespread in the commercial areas of portable and stationary 

power generation, space shuttles and transportation and thus reduce the global issues of 

energy requirement and clean environment [9]. 

In 2014, Toyota Mirai launched the first fuel cell car with hydrogen fuel cell as main 

energy source. Later in 2016, Hyundai and Honda developed their own fuel technology 

and commercialized it as Tucson fuel cell and Honda clarity fuel cell car respectively. 

EasyJet, the second largest airline network in Europe is developing a new hydrogen fuel 

cell system as the power source for the planes. Fuel cell technology is not limited to 

automotive applications, it can also be implemented on many of our energy consumable 

devices. MyFc, a leading manufacturer of chargers for many portable devices such as 

smartphone and tablets, introduced new fuel cell mobile charger that uses only salt and 

water for charging. Main issue in the commercialization of fuel cell technology is its low 

performance and the stability of the electrode material for long term applications [9].  

 The main reaction mechanism in fuel cells is oxygen reduction reaction (ORR) and for 

batteries it requires both oxygen reduction reaction (ORR) and oxygen evolution reaction 

(OER) during its discharging and charging process respectively [10]. It is highly desirable 
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to develop bifunctional catalysts that are suitable for both fuel cells and metal air batteries 

[11-15]. Many chemical and physical attributes such as composition, structure, phases, 

valence, morphology, size, surface area, and electronic conductivity can affect the 

catalytic performances of material driving electrochemical reactions in fuel cells and 

batteries [16,17].  

1.2. Motivation 

The research is still going on to find out a suitable catalyst with good kinetics and 

performance of nanoparticles. Highly dispersed Platinum (Pt) and Iridium (Ir) material on 

carbon black are considered as the best material for ORR and OER performance that 

promote the electron transport in the overall reaction [18-23]. The Pt loading at anode 

should be 0.05 mg cm-2 for the oxidation of hydrogen, while in cathode, for sluggish 

reaction kinetics of ORR the Pt loading should be minimum of 0.4 mg cm-2 for better 

reduction [16] .Commercially, only Pt is reported to be used for fuel cells, particularly for 

ORR reaction, but their limited availability (only South Africa and Russia are the major 

supplier) and high cost are the key factors in limiting their large scale catalytic 

applications[24] . Also, Ir is thermodynamically unstable and causes agglomeration and 

reduces the electrochemical activity of OER [25]. So, it is desired to replace Pt and Ir with 

some more abundant and cheaper material with high activity and stability.  To address these 

issues, advanced catalysts with bi-functional performance towards both ORR and OER, 

and excellent electrochemical durability must be developed [12,26]. Once such advanced 

catalysts are developed, they can be used as cost-effective bi-functional catalysts for fuel 

cells and batteries as well.  
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Recent development in this field shows various strategies adopted to decrease Pt loading 

by replacing Pt with alloys of Pt group metals (PGM), developing core-shell structures, 

utilizing transition metal oxide (TMO), carbon-based nonmetals such as CNT, graphite, 

reduced graphene oxides to enhance ORR and OER performance [27-29]. Bimetallic 

transition metals (and metal oxides), due to their high activity and long-term stability are 

seen as a possible alternative for replacing the precious metals. The synergy between the 

metals increases the sluggish kinetics and achieves better stability. Also, perovskite with 

ABO3 structure are also a promising candidate for the cost-effective bi-functional catalyst 

for ORR and OER reactions in alkaline medium [30-34]. The substitution of one element 

with a transition metal changes the oxidation state and thereby increases the catalytic 

activity of the material itself.  

Synthesis of catalyst is the main money consuming step during any catalytic applications 

[35]. Here we propose to employ an efficient, fast, simple and economical way of synthesis 

procedure, i.e; solution combustion synthesis. Using solution combustion synthesis (SCS), 

it can synthesize variety compounds with different composition with homogeneous 

morphology. This forms the basis of the proposed research, to synthesize bifunctional 

catalyst for ORR and OER using solution combustion synthesis.  

In this work, controlling the surface alloying of the material through three different modes 

of combustion synthesis and its effect in electrochemical catalytic performance for ORR 

and OER are investigated. The stability of the catalyst was also studied using the long-

term electrochemical run and understand the final composition of the material after the 

stability test was also analyzed.  
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1.3. Research questions 

Developing bi-functional catalyst in a cost-efficient manner for ORR and OER 

applications with improved performance and durability is still challenging. The main four 

research questions that motivate me to carry out this work are:  

Developing a bifunctional catalyst using solution combustion synthesis for ORR and 

OER applications.  

Probing the effect of combustion-controlled surface alloying and understanding its effect 

on its activity and stability. 

Synthesis of uniform perovskite materials using solution combustion synthesis and 

understanding the activity towards ORR and OER. 

Study the effect of salt assisted SCS on agglomeration, surface area of nanomaterials and 

their electrochemical performance.   

1.4 Research objective 

 

The objective of this research is to study the synthesis condition of combustion synthesis 

on the structural properties of the catalyst and correlating synthesis conditions with 

electrocatalytic performance of catalysts for ORR and OER reactions. The below tasks 

need to be completed to achieve the research objective:  

Proposing different mode of solution combustion synthesis and investigating their 

characteristics and catalytic performance towards ORR and OER.  

 Understanding the stability and phase separation of silver and its alloy for long term 

stability run. 

Proposing an effective and simple method of synthesizing single-phase Lanthanum based 
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perovskites and compare the catalytic activity for fuel cell and battery application 

Identifying the effect of salt assisted solution combustion synthesis and compare its 

activity with conventional solution combustion synthesis.  

1.5 Outline of thesis 

 

This thesis consists of 8 main chapters. The details of each chapter are as following: 

Chapter 1 introduces the present context and motivation of the research.  

Chapter 2 detailed the reaction mechanism in ORR and OER and the current state of art 

of oxygen electro catalyst. 

Chapter 3 provides the description of synthesis procedure, tools and techniques for 

material characterization and the electrochemical set up for catalyst testing 

Chapter 4 explains the influence of fuel ratio on the performance of combustion 

synthesized bifunctional catalysts for ORR and OER. 

Chapter 5 provides the detailed explanation on probing the effect of combustion-

controlled surface alloying and explains its effect on ORR and OER.  

Chapter 6  detailed on the synthesis of perovskites using solution combustion synthesis 

and their performance as an oxygen electrocatalyst. 

Chapter 7 introduces the effect of salt assisted combustion synthesis on electrochemical 

performance of perovskites.  

Chapter  8 presents the conclusion of the overall current research work and recommends 

some future work for the improving the efficiency of the catalysts.  
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CHAPTER 2: LITERATURE REVIEW 

2.1.  Fuel cells and Batteries 

Renewable electric energy resources such as solar and wind power are promising 

candidate for clean and sustainable energy source that require efficient energy storage 

devices such as fuel cells, batteries and capacitors. In particular, smart gird energy storage 

and electric vehicle propulsion demand for highly efficient, durable and inexpensive 

rechargeable electric storage devices such as reversible fuel cells and rechargeable 

batteries [17].  

Electrochemical process such as oxygen reduction reaction (ORR) and oxygen evolution 

reaction (OER) is considered to be the heart of various renewable energy generation 

systems such as regenerative fuel cells and rechargeable batteries, where ORR and OER 

are opposite reactions [14,15].   

In electrically rechargeable metal-air batteries, the two fundamental electrochemical 

reactions, ORR and OER are responsible for the charging and discharging process 

respectively and illustrated in Figure 2 [36]. Development of bifunctional ORR and OER 

catalysts is a long-standing challenge in the field of electrochemistry [14]. The recent 

advance on the field of electrochemistry aims the design of functionally active single 

catalyst for ORR and OER suitable for the development of durable and highly active 

electrically rechargeable metal-air batteries [37-42]. Electrically rechargeable metal air 

batteries consist of an anode, made of pure metal and an external cathode that uses 

ambient air where charging and discharging occurs simultaneously, and aqueous 

electrolyte as conducting medium.  
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Figure 2. Illustration on the operating principle of rechargeable metal air batteries 

catalyzed using bifunctional oxygen electrocatalyst [36]. 

 

Metals such as Al, Zn, Fe and Mg are commonly used anodes, which improve the stability 

over aqueous medium through passivating the surface with the corresponding oxides and 

hydroxides [43]. During discharging, the metal anode gets oxidized and the ORR reaction 

takes place on the porous catalytic sites of cathode in presence of ambient air, and can be 

represented as: 

Anode:   M ↔ 𝑀𝑛+ + 𝑛𝑒−  (M: metal and n: oxidation number of metal ion)     

Cathode:  𝑂2 + 𝑛𝑒− + 2𝐻2O ↔ 4𝑂𝐻−  

During charging, the above electrochemical reaction can be reversed with oxygen 
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evolution OER on the cathode surface. The ORR in the air cathode of metal air batteries 

are similar to ORR in hydrogen fuel cells and are explained in the following section. The 

ORR in air cathode takes place on the triple phase boundary (Solid-Liquid-Gas) of solid 

porous catalyst in contact with liquid aqueous electrolyte and gaseous O2 [43].   

Fuel cells generate heat and electricity during the electrochemical reaction between the 

hydrogen and oxygen to form water. Unlike batteries it does not require recharging as 

long as fuel and oxidants are continuously supplied [44]. When compared to thermal 

engine, fuel cells are environmentally friendly, highly efficient and surplus source of 

reactants make fuel cell a better candidate for energy in coming generations. Due to its 

efficient performance and technology they are widespread in the commercial areas of 

portable and stationary power generation, space shuttles and transportation; thus reduce 

the global issues of energy requirement and clean environment [45]. Many chemical and 

physical attributes such as composition, structure, phases, valence, morphology, size, 

surface area, and electronic conductivity can affect the catalytic performances of material 

driving electrochemical reactions in fuel cells.  

The basic operation of fuel cell consists of water-based solution of potassium hydroxide 

(KOH) as the alkaline electrolyte, negatively charged anode and positively charged 

cathode from an external supply. The negative hydroxyl ion present in the solution allows 

the movement ions from anode to cathode and release water as byproduct [46] (Figure 3).  

At anode, 2 hydrogen molecules combine with 4 hydroxyl ions from the electrolyte to 

produce 4 water molecules along with 4 electrons.  

Anode:   2H2  +  4OH− → 4H2O + 4𝑒−  

The electron thus released reaches the cathode through external circuit and react with 
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water and O2 to form hydroxyl ions. 

Cathode:   O2  +  2H2O +  4𝑒− → 4OH− 

 

Figure 3. Basic working principle of fuel cells [46]. 

 

The anode and cathode are made of highly dispersed conductive active material that 

promotes the electron transport in the overall reaction. In this chapter we discuss the 

mechanism of ORR and OER in alkaline medium and the recent advances and 

development of oxygen electrocatalyst.  

2.2.  Current perspective 

Most of the catalyst development research have focused on either ORR or OER that are 

applicable for fuel cells and water splitting technologies respectively [26]. Rechargeable 

air electrode is fabricated with the catalysts that work for both ORR and OER mechanism. 

Incorporating two catalysts in a single structure increases the system cost and 

manufacturing complexities. Therefore, it is highly desirable to develop a single active 

material that is functional for both ORR and OER [47].  

During past decade, development of bifunctional oxygen electrocatalyst primarily 
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focused on reducing the material cost, either through adding some conductive material 

support and minimize the precious metal loading or by introducing some nonprecious 

catalyst / metal free catalysts. Recently, new catalyst research efforts are taken for 

optimizing the bifunctional ORR/OER activity that are comparable with ideal Pt and Ir 

based catalysts. Great breakthrough have been made to design and prepare various 

transition metal-based catalysts including spinel structures, perovskite oxides, transition 

metal alloys, doped metal oxides as well as the nitrides, sulfides, hydroxides and carbides 

of metals [14].  

Metal free carbon-based catalyst are another category of oxygen catalyst that gained great 

attention due to the great electrical conductivity that offers excellent charge transport  

during electrochemical reactions. These include hetero atom doped CNTs, graphene 

layers added to non-precious metals also improves the performance [48,49]. However, it 

causes the surface degradation due to corrosion of carbon atoms at higher potential during 

OER [50].  Much more efforts gained attention to develop a composite or hybrid non-

precious metal oxygen electrocatalyst. The hybrid catalysts with carbon based materials 

and expensive components of La, Co, Sr, and Ni show excellent performance without 

sacrificing the bifunctionality [30,51].  The synergetic effect of metal oxide and carbon 

improves the ionic conductivity and reduces the overpotential of OER that in turn 

improves the durability and reduced the degradation during OER. Due to the development 

of active and durable bifunctional catalyst, overall cost of lithium air batteries reduced to 

$ 300 per kW per hour that was initially $ 1000 per kW per hour.  

 



  

13 

 

2.3.  ORR and OER Mechanism in Alkaline medium 

Rechargeable metal air batteries and fuel cells operate on the basic electrochemical 

processes such as ORR and OER. Catalyzing both ORR and OER is critically important 

due to the intrinsically sluggish kinetics of the two reactions. ORR proceeds through a 

diffusion followed by  absorption of oxygen species, where the electron from the catalyst 

is transferred to the adsorbed oxygen in order to weaken or break the double bonded 

oxygen molecule. The resulted hydroxide ion is removed from the catalysts surface into 

the alkaline solution [52]. While OER is multi step electron transfer process with more 

difficult and complex electrochemical reactions [53]. Most of the research on bifunctional 

oxygen electrocatalyst has been conducted in alkaline medium; either potassium 

hydroxide (KOH) or sodium hydroxide (NaOH), due to less corrosive nature compared 

to acidic medium. The reaction kinetics is faster in alkaline electrolytes than acidic 

electrolytes. Also, the exchange current density of ORR and OER is higher in alkaline 

electrolyte.  

The mechanism of ORR and OER in alkaline medium is described in the following 

section.  

2.3.1. Oxygen reduction reaction  

The ORR is catalyzed mainly on metals and metal oxides and its mechanism has been 

extensively studied [11,12,15]. Based on the type of absorbed oxygen, metal based 

catalysts such as Pt, Au and Ag proceeds through either four electron pathway or two 

electron pathways [54,55]. The oxygen adsorption can be of bidentate O2, where two 

oxygen atoms are coordinated with the metal surface, or it can proceed via end-on O2 
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adsorption, where a single oxygen atom is coordinated perpendicularly to the surface of 

metal. The former adsorption mechanism is known to favor four electron pathway and 

the latter one proceeds via two electron pathways respectively [43].  

The bidentate O2 adsorption reaction can be expressed as:   

O2 + 2H2O + 2e− → 2OHads + 2OH− 

2OHads + 2e− → 2OH− 

Overall reaction: O2 + 2H2O + 4e− → 4OH− (direct 4𝑒− reduction to 𝑂𝐻−) 

The end-on O2 adsorption can be expressed as: 

O2 + H2O + e− → HO2,ads + OH− 

HO2,ads + e− → HO2
− 

       Overall reaction:  O2 + H2O + 2e− → HO2
− +OH− (2e− pathway) 

The two-electron end on adsorption can further be processed with either a two-electron 

peroxide reduction or peroxide disproportionation as follows: 

Two electron peroxide reduction: HO2
− + H2O + 2e− → 3OH− 

Peroxide disproportionation: 2HO2
− → 2OH− + O2 

These two ORR reactions may consist of several elementary steps. The oxygen molecule 

adsorption is further explained using two reaction mechanism; inner-sphere electron 

transfer mechanism and outer-sphere electron transfer mechanism.  During inner-sphere 

electron transfer mechanism, the undissolved oxygen molecules are directly adsorbed on 

the active sites of the catalyst to form adsorbed O2 (𝑂2
∗ , where * indicates the active site 

of catalyst) [56]. However in outer-sphere electron transfer mechanism the hydroxide 

ions and dissolved oxygen species from the aqueous electrolyte is adsorbed onto the 

active sites. In the outer-sphere electron transfer mechanism the oxygen species cannot 
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directly bond to the active sites. In alkaline medium, both the reactions may occur 

simultaneously, while in acidic medium inner-sphere electron transfer mechanism is 

predominant due to the insufficient hydroxide ions in the medium. In alkaline medium, 

the active sites immediately adsorb the hydroxide ions and the outer-sphere electron 

transfer mechanism is followed with the inner-sphere electron transfer mechanism. The 

solvated oxygen molecule [O2
−. (H2O)n] is connected to the adsorbed hydroxyl 

species(OHads) through a hydrogen bond between H atom in (𝑂𝐻𝑎𝑑𝑠) and O atom from 

water molecule. Thus after de-solvation, 𝑂2,𝑎𝑑𝑠
−  is formed over the surface of the active 

sites of the catalysts [57].  

M-OH + [O2
−. (H2O)n] +e− → M-OH + [O2

−. (H2O)n] 

[O2
−. (H2O)n] → O2,ads

−  + nH2O  

The further reduction of adsorbed molecular oxygen 𝑂2
∗ proceeds with three predominant 

mechanisms  explained as follows: 

Dissociation pathway: These are direct reaction mechanism, where the O-O bond directly 

breaks to form two O∗ intermediates and is further reduced separately into OH∗ species.  

Associative pathway: instead of breaking O-O bond directly into O∗ intermediate, a 

protonation of O2
∗  become a dominant pathway that form OOH∗  and is followed through 

the cleavage of  O-O bond to form two O∗ intermediates and is further reduced separately 

into OH∗ species. 

Peroxide pathway (or 2nd associative): OOH∗  intermediate is formed via protonation step 

of O2
∗  and is further reduced into HO2

− through 2e− reaction pathway.  

The ORR mechanism over the metal oxide catalyst follows the same basic principle of 
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pure metal as discussed above, but the charge distribution might be different due to the 

incomplete coordination of the surface cations of the stoichiometric oxide with the 

adsorbed oxygen atom. The mechanism and reaction pathway varies depending on the 

catalyst’s electronics structure and properties.  The anion coordination is completed from 

the oxygen from the water molecule of the aqueous electrolyte. For transition metal 

oxides (TMO), dominant ORR mechanism is through the associative 2𝑒− + 2𝑒− pathway 

[58]. Based on associative pathway, O-O bond is converted into O∗ with 

OOH∗ intermediates and meantime, electron would transfer from metal cation into O∗ 

intermediates to form M(m+1) −  O2−  [59]. The ORR pathway on TMO can be described 

as either inner-sphere electron transfer mechanism or outer-sphere electron transfer 

mechanism as explained below: 

Inner-sphere electron transfer mechanism: 

Direct 4𝑒− reaction pathway: 

 

2M(m+1) −  O2− +   H2O + e− →  M(m)+ − OH− + OH− 

O2 + e− →  O2,ads
−  

M(m)+ − OH− + O2,ads
−  →  M(m+1)− − O −  O2− + OH− 

M(m+1)− − O −  O2− + H2O + e− → M(m)+ − O − OH− + OH− 

M(m)+ − O − OH− → M(m+1)− − O2−+OH− 

2𝑒− reaction process: 

M(m+1)− − O −  O2− + H2O + e− → M(m)+ − OH− + HO2
− 
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Outer-sphere electron transfer mechanism: 

M-OH + [O2
−. (H2O)n] +e− → M-OH− + [O2

−. (H2O)n] 

[O2
−. (H2O)n] → O2,ads

−  + nH2O 

M-OH− + O2,ads
−  → M(m+1)− − O − O2−+ OH− 

M(m+1)− − O −  O2− + H2O + e− → M(m)+ − O − OH−  + OH− 

M(m)+ − O − OH− → M(m+1)− − O2−+OH− 

2𝑒− reaction process: 

M(m+1)− − O − O2− + H2O + e− → M(m)+ − OH− + HO2
− 

The rate determining step of ORR on the surface of the catalyst is the competition between 

O2
2−/2OH− displacement or the regeneration of OH− that in turn determined by the degree 

of σ* orbital and covalence of metal oxide. Thus high-performance catalyst can be 

obtained through proper tuning of the electronic structure of metal oxide [32]. The ORR 

reaction takes place on the triple site of catalyst-electrolyte-oxygen and it is critically 

important to increase the number of active sites shared in the interface of solid-liquid-gas 

phase system.  

2.3.2     Oxygen Evolution Reaction 

The mechanism and pathway for oxygen evolution reaction is complex and is difficult to 

describe. As the name says, the oxygen is evolved from the metal oxide sites, rather than 

a pure metal [14]. So the mechanism and electron transfer pathway may vary from each 

catalyst depending on the geometry of the metal cation. The transition metal ions with 

multi-valences are highly favorable for OER because the reaction proceeds through the 

interaction of oxygen intermediates and metal ions that ends with bond formation and 
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change in valence state. The rate determining factor of the OER is the geometric 

arrangement of metal cation site that changes the absorption energy of the oxygenated 

species. The OER mechanism of the transition metal oxide in alkaline electrolyte can be 

represented as follow: 

2Mm+ − O2− + OH− →  M(m−1)+-O-OH− + e− 

M(m−1)+-O-OH− + OH− → Mm+ − O − O2− + H2O + e− 

2Mm+ − O − O2− → 2Mm+ − O2− + O2 

Owing to low redox potential and high electronic conductivity, RuO2 and IrO2 are highly 

active for oxygen evolution reaction. However, the high cost and sluggish kinetics for 

ORR limits their application as bifunctional oxygen electrocatalysts [36].  

 

2.4.  Electrocatalyst for ORR and OER 

Based on the literatures, bifunctional oxygen electrocatalyst are classified as four broad 

groups; noble metals, non-precious metals, carbon-based materials, and hybrid materials. 

Noble metals 

are   ruthenium (Ru), rhodium (Rh), palladium (Pd), silver (Ag), osmium (Os), iridium (

Ir), platinum (Pt), and gold (Au) that prevent the corrosion and oxidation when exposed 

to air [14]. The cost of these materials is comparatively higher. Non-precious metals are 

commonly transition metal oxides (TMOs) and different forms of transition metals such 

as oxides, nitrides, sulfides and carbide with different crystal structures such as spinel, 

pyrochlores and perovskites. Carbon based materials that have been found to be efficient 

for ORR and OER includes carbon black, CNTs and graphene. Finally, the hybrid 

https://en.wikipedia.org/wiki/Ruthenium
https://en.wikipedia.org/wiki/Rhodium
https://en.wikipedia.org/wiki/Palladium
https://en.wikipedia.org/wiki/Silver
https://en.wikipedia.org/wiki/Osmium
https://en.wikipedia.org/wiki/Iridium
https://en.wikipedia.org/wiki/Platinum
https://en.wikipedia.org/wiki/Gold
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catalysts consist of non-precious materials incorporated with carbon-based materials that 

improve the electrical conductivity of the materials [28]. Next section discusses some of 

recently reported electrocatalyst for ORR and OER reactions, including the bifunctional 

catalysts.  

2.4.1. Noble metal catalysts  

Platinum : Platinum (Pt) and Pt-alloys are the most active catalysts for ORR, but they do 

not show any catalytic activity for OER due to the formation of oxide film over the surface 

at higher potential [60-65]. The ORR activity of low index Pt surface have been widely 

studied and the performance increases in the order of Pt (100) <<Pt(111)~Pt (110) [66]. 

Felix and coworkers extensively investigated the structural effect of high indexed Pt 

surface and interpret that the ORR activity is greatly dependent on the existence of 

terraces and steps on the Pt surfaces. The activity is higher for increased terrace density 

and for ones with lower terrace width on high index planes of n (hkl)-(mno) where n 

indicates the number of atomic row terraces , (hkl) is the terrace structure and (mno) 

represents the structure of steps [67,68].  Similar to the activity effect on high index 

planes, several studies have been conducted to understand the shape controlled effect on 

ORR activity. Octahedral Pt(111) nanoparticles are tested to be more active than cubic 

Pt(100). Tetrahexahedron (hk0) trisoctahedron (hhk) and trapezohedron (hkk) and 

nanoparticles with at least one Miller index larger than unity were found to be more active 

than (100) or (111) facets [69-71]. The reason for this activity improvement is due to the 

presence of high density of low-coordinated atoms present on the steps, kinks and edges 

[72]. The challenge in using shape-controlled Pt is the stability of nanoparticles under 

ORR, as they tend to change to thermodynamically equilibrium shapes during the reaction 
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in alkaline medium [73].  

Size of Pt particle also affects the ORR activity; the particle size reduced from 5 nm to 

1nm shows a decrease in the ORR activity. This could be due to a drastic decrease in 

(111) and (100) facets, and the existence of more low coordinated edges and kinks on the 

surface sites that cause stronger oxygen bonding. Owing to this effect, the specific activity 

of the Pt nanoparticles with size less than 3 nm shows a drastic decrease in activities, and 

the peak mass activity is observed at 3nm that decreases for higher and lower sized Pt 

nanoparticles [74].  For particles smaller than 3 nm, the rate determining step is O-O bond 

breaking due to the higher binding energy of oxygen; and for larger particles, it is the first 

protonation and electron transfer reaction [75].  

Fabbri and coworkers studied the influence of Pt dispersion on conductive carbon support 

that greatly reduced H2O2 through decreasing the interparticle distance and extending an 

electric double layer between nearby Pt atoms [76] . Pt alloys with superior ORR activity 

can be explained by various reasons that include the compressive strain-stress due to the 

smaller Pt-Pt bond, increased surface roughness due to the dissolution of transition metal 

oxides and finally the strain and ligand effect that causes the downshifting of Pt d-band 

center [77,78]. The activity enhancement of PtM alloy originates from M site transition 

metals where M = Co, Ni, Fe, Cu, Ag, Au, Pd, Cr, Mo, Mn, Al ), out of these Pt alloyed 

with Co, Ni and Fe are widely considered due to their superior ORR activity. Han and his 

team found that the ORR activity and stability is highly influenced by the dissolution 

potential of the alloyed element [79]. The ORR activity of as-sputtered polycrystalline 

film shows the performance trend as Pt3Co~ Pt3Fe > Pt3Ni > Pt3V> Pt3Ti> Pt [78]. 

However, Pt skeleton and skin type surface prepared after proper thermal annealing 
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shows a different trend in the specific activity that follows the order of Pt3Co > Pt3Ni > 

Pt3Fe> Pt3V> Pt3Ti> Pt. These results show the significance of post thermal treatment of 

PtM alloys on engineering the ORR activity and surface structure [80]. Alloying Pt with 

some early transition metals (Y, Sc, Hf, La, Ce, Ga and Gd) also has some pronounced 

effect on the ORR activity and stability. Sung et al studied ORR activity on PtM films 

(M = Y, Zr, Ni, Co and Ti), and the results show an increasing order of Pt3Ti < Pt < Pt3Zr 

< Pt3Co< Pt3Ni < Pt3Y. A similar study was conducted by Stephens et al, who found that 

Pt5M shows much higher activity than Pt3M alloys as shown in Figure 4.  

 

 

Figure 4. Kinetic current density comparison of various thin fil, Pt3M and Pt5M alloys at 

0.9 V [81]. 

 

The activity of Pt alloys is highly influenced on the crystalline orientations, where Pt3Ni 

(111) are more active than Pt3Ni (110) and Pt3Ni (100) [81]. Choi et al studied the nature 



  

22 

 

of ORR activity on octahedral Pt-Ni alloy (edge length 9 nm) with its effect on atomic % 

of Ni on the total alloy as shown in Figure 5  . It was found that Pt2.5Ni shows much more 

activity than Pt1.4Ni, Pt2Ni, Pt3.2Ni and Pt3.7Ni. In case of too low Ni content, binding 

energy of oxygen is too high that slows down the reduction of the adsorbed oxygenated 

species. On other hand, too high Ni content resulted in low binding energy for breaking 

O-O bond and facilitates further charge transfer. Pt2.5Ni have neither too weak nor too 

strong oxygen binding energy that showed significantly highest ORR activity [82].   

 

 

Figure 5. ORR polarization curve of Pt-Ni/C with different Ni atomic composssssssition 

in O2 saturated 0.1 M HClO4 at a scan rate of 10 mVs-1 with rotor speed 1600 rpm b) 

Mass activity and specific activity as a function of Ni atom % of octahedral Pt-Ni/C at 

0.9 V [82]. 

 

Palladium:  

Palladium (Pd) belongs to Pt group that shares similar electronic properties but shows 

ORR activity 5 times lower than Platinum. The reactivity of Pd is much higher than Pt 
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and facilitates strong bonding of oxygen, which in turn gets oxidized at more negative 

potential. Kondo and coworkers studied the effect of low index planes of Pd structure on 

ORR activity and conducted a comparative study with Pt [83]. The higher index facets 

Pt(110) and Pt (111) exhibits higher ORR activity than Pt (100) in HClO4 solution, while 

Pd (100) shows highest activity among them when used in the same solution as 

represented in Figure 6.a. Shao et al. studied the structural dependence of Pd towards 

ORR and found that cubic Pd/C shows a specific activity 10 times higher than octahedral 

Pd/C at 0.9 V in acidic solution as in Figure 6.b [84]. The higher activity of cubic Pd/C 

is attributed to the low oxygen coverage that provides more reactive site than octahedral 

Pd/C and conventional Pd nanoparticle. Moreover, the DFT analysis shows that the 

oxygen binding energy of Pd(100) is comparatively lower than Pd(111), that improves 

the ORR kinetic [85]  Cubic Pd with an average particle size of 27 nm shows higher 

activity than spherical particles [86]. The main challenge in using Pd cube is its extremely 

low stability and potential cycling converts the regular cube to irregular morphology.    

 

 



  

24 

 

 

Figure 6. ORR specific activity a) on  low facets of single crystal Pt and Pd and b) 

nanostructured Pt and Pd at 0.9 V in HClO4 solution [84]. 

 

Pd nanorods synthesized via electrodeposition process exhibits an ORR activity 10 times 

higher than Pd nanoparticles [87].  Alloying Pd with other metals Pd-M (M= Fe, Ni, Co, 

Cr, Ti, Mn, V, Sn, Cu, Ir, Ag, Au, Rh, Pt) shows much higher ORR activity that are 

comparable with Pt. Zhou et al. experimentally analyzed the ORR activity of Pd3Fe(111) 

and found that the activity and kinetics are greatly improved than the conventional Pd and 

are comparable to Pt [88].  

Different nanoalloys of Pd with various morphologies such as sponges (PdAu) [89], 

nanodendrites(Pd-Rh) [90], nano cubes, octahedral etc. has widely been explored for 

ORR. Metal carbides and oxides are widely used supports for Pd alloys to improve the 

activity and stability towards ORR mechanism. Pd-Au supported over nanocrystalline 

tungsten carbide shows excellent ORR activity with a positive potential shift of 70 mV 

when compared to Pt/C [91]. The onset potential of Pd3Co alloy was shifted to 100 mV 

in positive direction, through the addition of Ce as an efficient metal support during the 
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synthesis. The addition of Ce shows a Pd enrichment on the alloy surface and promotes 

the interaction between PdCo and Ce oxide that improves the overall electronic 

conductivity. Similar study carried out by Kwon et al, observed the synergetic effect of 

CeO2 and PdCo causes a positive onset potential shift of 50 mV [92] . Durability of Pd 

and Pd based catalysts is still challenging for practical applications.  

 Ruthenium and Iridium: 

Ruthenium (Ru) and Iridium (Ir) is found to be the top catalyst on the volcano activity 

plot of OER Thermochemical density functional theory (DFT) [93]. Neyerlin et al studied 

the effect of alloying Ru and Ir with transition metals that shows the improvement in OER 

activity [94]. Amorphous RuOx showed prolonged activity than crystalline Ru oxide 

owing to its structural flexibility, but the durability was the main concern [95]. Sun et al 

reported the synthesis of Ruthenium nanocrystals supported over carbon black using 

surfactant assisting method as an efficient catalyst for ORR and OER that shows excellent 

performance in Li-ion batteries with high reversible capacity, low charge-discharge 

overpotential and good cyclic performance up to 150 continuous cycles [96]. Ruthenium 

supported over graphene materials shows excellent bifunctional electrochemical 

characteristics, has been extensively studied [ref]. Jian et al reported the synthesis of core 

shell RuO2 that was coated on the core CNTs shows excellent performance in 

rechargeable Li-O2 batteries [40]. These hybrid core-shells RuO2/CNT shows improved 

catalytic activity and cyclic performance.  Kwak and coworkers developed carbon free 

catalyst with Ru and RuO2 foam as binders as electrocatalyst using electrodeposition 

technique via a hydrogen bubble template. The prepared particle with dendritic bracken-

like structure is divided into thin branches that exhibit excellent oxygen efficiency and 

https://en.wikipedia.org/wiki/Ruthenium
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low charge/discharge overpotential in Li-ion batteries. Nanosized Mn-Ru binary oxide 

that contains γ-MnO2 and hydrous RuO2 with fusiform nanorods and nanoparticle 

morphologies exhibits remarkable electrocatalytic activity towards ORR and OER with 

excellent cyclic stability for Li-ion batteries [97] . A spool like Ru-Ni nanocrystals with 

Ni concentrated in pillars and Ru as hexagonal rings in sandwich form are successfully 

synthesized that shows excellent electrocatalytic activity in alkaline medium with low 

overpotential and tafel slope with excellent durability [98].  

Reier and team studied the OER activity and stability of Ru, Ir and Pt nanoparticles 

supported over carbon black and compare the activity corresponding to bulk material [99] 

. In contrast, Ir in nanoparticle and bulk phase shows comparable OER activity than Ru 

and Pt. Moreover, the Ru nanoparticle exhibits strong corrosion at higher potential of 

OER, which affects the stability to sustain the reaction. Highly interconnected 

nanoporous Ir-Pd alloy supported on carbon black shows remarkable ORR and OER 

performance with excellent stability in alkaline medium. Pd (111) facet promotes the 

oxygen reduction reaction, while Ir particles are responsible for the oxygen evolution. 

The study on the atomic percentage of Ir and Pd shows that, Ir:Pd with a ratio of 0.23:0.77 

is found to be the optimum ratio for high activity, performance and stability [100]. 

Recently, Yang et al reported the synthesis of free-standing 3D porous Ir-Ni-Co alloy 

(Ir70Ni15Co15) using dealloying strategy that shows significant improvement in the 

electrocatalytic activity in acidic medium [101].  

Silver based metal catalyst: 

Silver (Ag) shows high activity, better tolerance, stability and longer performance for 

ORR mechanism [102,103]. Silver is one of the best HO2- eliminating catalysts and the 
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Ag single phase crystal and Ag nanoparticles follows pseudo 4 e- pathway [104-106]. It 

was reported that the Ag with larger particle size of 174 nm proceeded by direct 4 e- 

pathway while that of Ag with 4.1 nm size follows two step 2e- + 2e- electron process. 

The more defective surface on the bulk Ag provide a strong absorption of OH- ions that 

hinders the two-site O2 chemisorption that was the main criteria for 4e- reaction pathway 

[107]. The activity of single facet Ag crystal increases in the order of Ag(100) ≤ Ag(111) 

≤ Ag(110) [108]. In Ag (110) the absorption of hydroxide species and the activation 

energy that enables more active sites for the oxygen species.  

The weaker Ag-O2 interaction makes stronger O-O bonding that causes difficult to break 

the bond in electrolyte. So, Ag-O interaction must be stronger to enhance the 

electrochemical activity of the catalyst and consequently increases the kinetics of ORR. 

Also, due to its cost ORR activity of pure Ag is not good enough for commercial 

applications [38,109,110]. To increase the catalytic activity of silver, doping with some 

other transition metal is needed. So, it is required to modify the Ag with some elements 

that are cheaper and abundant. This can be achieved by incorporating the cheaper metals 

along with Ag. Cobalt is a better option due to the low cost, electrical resistance and being 

corrosion free in basic medium. An active Co3+ site in Co3O4 shows great performance in 

ORR. The high interaction of adsorbed oxygen with Ag in the Ag-Co/C particle increases 

the ORR activity by rupturing O-O bond. Also, the adsorption of oxygen to Ag from the 

well oxidized Co3O4 results in increase in the oxygen transport rate. Lin et al reported 

that the presence of cobalt in Au-Co for ORR changes the electronic structure of the gold 

[111]. Y. Wang et al. reported on the hydrothermal method of synthesis of Ag-C, Co3O4-

C and Ag/Co3O4-C and compared the mono metal and bimetal effect in the catalytic 
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activity [112].  

Cu is highly abundant in earth crust and has been used for various electrocatalytic 

reactions. So, we choose copper (Cu) and silver (Ag) as elements for making the 

electrode. Silver composites with cobalt, copper, palladium, nickel and manganese were 

reported elsewhere and show good improvement in the ORR activity through the 

synergetic coupling effect between silver and the metals incorporated [103,113,114]. 

These silver alloys exhibit lower overpotential and higher limiting current density along 

with high stability. The alloying of Ag and Cu has been reported to be an active 

electrocatalyst for fuel cell and zinc-air batteries, with Ag75Cu25 showing better 

electrocatalytic performance for ORR reaction as compared to silver alloys with Co, In 

and Fe having similar composition [115,116]. DFT calculations indicate the existence of 

strong adsorption energy and low activation energy barrier in bimetallic silver-copper 

[117]. 

Ag (40 % wt)/ CNT is reported as the best composition of Ag/CNT for oxygen 

electrocatalyst [118]. Graphene with two dimensional (2D) and three-dimensional (3D) 

framework loaded over Ag catalyst were reported recently and Ag/GO linked by thiols, 

Ag/rGO linked by deoxyribonucleic acid (DNA), and 3D GO/carbon supported Ag 

composite (Ag/GO/C) are the most significant ones [119-121]. The onset potential (Eonset) 

and half wave potential (E1/2) of these silver/ nanocarbon catalysts are 50-100 mV lower 

than the commercial Pt/C.  

Gold based metal catalysts: 

Gold based metal catalysts are of considerable importance and are achieved wide 

attention due to their good conductivity, better biocompatibility, tunable electronics and 
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optical characteristics, higher catalytic activity. Au (100) is the most active single 

crystalline facet for ORR applications. The over potential for OER on Au (100) at 0.34 V 

in 0.1 M NaOH electrolyte is lower than that of Pt (100) in 0.1 M HClO4 [122,123]. Bulk 

Au in polycrystalline state is relatively inert and at nanoscale Au exhibits good catalytic 

activity. Incorporating cheaper noble metals such as Ag or other transition metals reduces 

the overall cost of the oxygen electrocatalyst. Hu et al. reported a volcano plot on the 

composition effect of AuAg catalyst in the size range of 3 to 5 nm on the activity, where 

36 at.% of Au is the best composition that gave best performance [124]. AgAu Janus 

particles were synthesized using a combination of Langmuir−Blodgett method and 

galvanic exchange method, with a minimum loading of Au, the specific activity and mass 

activity of the catalysts was found to be 6 to 7 times higher than Ag nanoparticles [125]. 

Gengtao and team, first time reported the highly rigid and flexible 3D porous nickel-

manganese oxide (Ni6MnO8) coupled with 1D ultrathin Au nanowires (Au-NWs) as an 

efficient catalysts for bifunctional ORR/OER reactions [126]. The Au nanowire act as a 

flexible conductive electronic network that promote ORR, while nickel-manganese 

oxide is robust carbon free support highly stable on alkaline environment that are 

prominent for OER. The coupling of both structures together effectively shows a 

complementary role through overcoming their deficiencies and promoting both (ORR 

and OER) oxygen electrocatalytic reaction. The structural advantage of hybrid 

Ni6MnO8/ Au-NWs as the oxygen electrocatalyst are shown in Figure 7 . The Ni6MnO8/ 

Au-NWs shows significantly improved activity in terms of more positive onset 

potential, half wave potential, number of electrons and least yield of HO2
−. Gold-

Iridium composite over carbon support (Au-Ir/C) synthesized using facile one-step 
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process is reported as an efficient bifunctional catalyst with excellent ORR/OER 

characteristics and catalytic stability [127]. Self-supporting nanoporous gold prepared 

using dealloying method and precious palladium over layer was successfully deposited 

by epitaxial layer by layer growth was found to be a promising catalyst for ORR and 

OER that are applicable for fuel cells and metal air batteries [128]. Zhang et al followed 

facile one step hydrothermal process for the synthesis of molybdenum disulfide 

nanosheets that are decorated with gold nanoparticles were reported as effective 

catalyst for ORR and OER for rechargeable Li–O2 batteries [129].  

 

 

Figure 7. a) LSV plot of the catalysts in 1 M KOH  saturated with O2 at a rotation speed 
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of 1600 rpm and 5 mVs-1 b) representation of hydrogen peroxide and number of 

electron transfer (n) c) OER polarization curve d) bar plot on overpotential, onset and 

halfwave [127].  

 

 Nanosized Au supported over Graphene is more stable and active than supported over 

conventional Vulcan carbon [130]. Au/reduced graphene oxide (rGO) reported three 

times higher the specific activity than Au nanoparticles [131].  

Non-Noble metal catalysts 

Transition metal oxides (TMOs): TMO gain great importance in the field of catalysis due 

to its abundance, low cost and stability [132]. Even though, they are less stable in acidic 

medium, they are reasonably stable in alkaline solution.  Manganese oxides are the first 

transition metal oxide to act as a catalyst in ORR [133]. Mao et al noticed first the 

dependence of oxidation states in Mn for the electrocatalytic reaction with activity in the 

order of Mn5O8 < Mn3O4 < Mn2O3 < MnOOH [134]. Later on Cheng et al [135] found 

the activity of MnO2 phases α- > β- > γ-MnO due the conductivity and tunneling effect of 

electrons is shown in Figure 8.  
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Figure 8. α-MnO2, β MnO2 , γ MnO2 (a-c) SEM images (e-g) crystal structure (d) LSV 

of . α-MnO2 (red), β MnO2 (green), γ MnO2 (blue) at 1600 rpm in O2 saturated 0.1 M 

KOH at scan rate of 1 mVs-1 [135]. 

 

α-MnO2 with enlarged surface area enhances the catalytic performance of the electrode 

material. Similar study was conducted by Meng et al. on the synthesis if MnO2 with 

different morphology such as nanoparticles, nanowires and nanoflakes with different 

crystallographic structures as shown in Figure 9.a-g (α-MnO2, β MnO2 , γ MnO2, 

amorphous MnO2) on bi-functional electrocatalytic activity [136]. The electrochemical 

activity of these structures follow in the order of α-MnO2 > amorphous MnO2 > β MnO2 

> γ MnO2 towards ORR and OER activities as in Figure 9.h-i.  
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Figure 9. a) Different crystallographic structures of MnO2 b) α-MnO2 (Hydrothermal) c) 

α-MnO2 (solvothermal) d) Ni/ α-MnO2 (solvent free synthesis) e) amorphous α-MnO2 f) 

β MnO2 g)  γ MnO2 h and i) ORR and OER polarization curves of various crystal 

phases of MnO [136].  

 

While MnOx with low valency metals such as Ni (II) or Mg (II) improve the selectivity 

and stability of the catalyst through the direct four electron pathway [137,138]. Hybrid 
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oxides with choral, spinel, perovskites, layered structure with other transition metals with 

variety of oxidation states give more freedom to tune the physical and chemical property 

of the materials [139,140]. Zhu et al synthesized a group of compounds MxFe3-xO4 

(M=Mn, Fe, Co and Cu) with ferrate spinel structure [141]. Among this MnFe2O4 shows 

better performance comparable to commercial Pt/C. The activity of perovskites depends 

on the availability of σ* -orbital and the oxygen covalence [142]. Low conductivity is one 

of the reasons hindering the performance of transition metal oxides. To overcome this 

effect, high quantity of carbon material was added to the catalyst only for improving 

conductivity. In effect the dead weight of the total material loaded to the electrode 

increases and thus reduces the interfacial contact 

Cobalt exists in different valance states with donor-acceptor chemisorption sites for the 

absorption or desorption of oxygen are suitable as bifunctional oxygen electrocatalyst 

[143,144]. Spinel Co3O4 with CoI and CoII oxidation states consist of tetrahedral and 

octahedral sites respectively. The tetrahedral occupied sites are active for ORR, while 

octahedral CoII  form Co-O that favors OER mechanism [145]. In Co3O4, replacing CoIII 

ions with manganese reduces the intrinsic OER activity [146].  Another study reported 

that, decreasing CoIII ions on octahedral sites reduces the OER performance, while doping 

Mn on octahedral and tetrahedral site shows favorable ORR mechanism [147].   

Trasatti et al. reported the dependence of OER activity on the enthalpy requirement for 

the transition from lower to higher oxidation states [148]. Menezes et al prepared nano-

chains of  Co3O4 s from cobalt oxalate precursor micelles that are found to be more stable 

and active for OER than solvothermal Co3O4 nanorods are shown in Figure 10 [149]. 
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Figure 10. (a) TEM image of Co3O4 nanorods (b) cyclic voltammetry of Co3O4 prepared 

from micellar (nanochains) and solvothermal (nanorods) synthesis and compared with 

commercial cobalt oxides [149]. 

 

Li et al reported the preparation of NixCo3-xO4 nanowire arrays with self- standing 

mesoporous structure with Ni doped into Co3O4, increases the overall roughness factor, 

conductivity, current density and electrochemical performance [150]. The current density 

of NiCo3O4 was 7 times higher than Co3O4. Prabhu and coworkers developed 1D 

NiCo2O4 spinel oxide using electrospinning technique and tune the surface morphology 

into porous tubes and rods through adjusting the synthesis parameters. The onset potential 

for nanotubes and nanorods was found to be 0.78 V and 1.62 V (vs. RHE) with an OER 

potential difference of 0.84 V. This overpotential gap is smaller than the other reported 

precious metals such as Pt/C, Ru/C and Ir/C [151]. In another study, a ternary metal oxide 

of CuxMn0.9−xCo2.1O4 (x= 0, 0.3, 0.6, and 0.9) with 4 nm particle size exhibits 

excellent ORR and OER activity in 1 M KOH medium. The potential difference between 
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the half wave potential of CuxMn0.9−xCo2.1O4 and commercial Pt/C was measured to 

be only 50 mV. Also, the onset potential of OER for CuxMn0.9−xCo2.1O4  is 100 mV 

negative than commercial Pt/C shows the possibility of replacing the precious Pt with 

these ternary oxides [152].  

Perovskites: Recently perovskite oxides received wide attention due to the flexibility and 

tunability of the physico-chemical and catalytic properties. These classes of materials 

possess exceptional thermochemical stability, ionic conductivity and electrochemical 

behavior to make them promising candidates for industrial and academic research 

[153,154].  Figure 11 showing the perovskite oxides with ABO3 crystal structure, with A 

site being a rare earth metal (Lanthanides e.g. La, Gd, Pr or alkaline earth metals ) and B 

sites a transition metal (e.g. Mn, Cr,  Fe, Ni, Co), are the best choice for efficient 

bifunctional ORR/OER catalyst because of high activity and low cost [155-157]. The 

crystal lattice of perovskites (A or B) can be occupied by a variety of metals influencing 

their catalytic properties. In an ideal case the crystal sites of A and B will occupy equal 

number of cations (A/B=1) and any change in this equivalency is likely to result in the 

stabilization of the unstable oxidation state of the transition cations in B sites causing a 

change in the electronic structure and the catalytic performance [158,159].   
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Figure 11. Unit cell ABO3 perovskite structure. 

 

Catalytic properties can be controlled by manipulating the bond strength between B-site 

species and attached oxygenated species. According to crystal field theory (CFT), the d-

orbital of transition metals are affected by the octahedral arrangement of six negative 

charges around it [160,161]. The d orbital degenerates by splitting into two high energy 

(eg) and three lower energy orbitals (t2g) while maintaining the same average energy level.  

The magnitude of energy splitting determines the electronic configuration of d orbital.  If 

the splitting energy is lower than spin-pair energy the configuration follows high spin, 

and with higher splitting energy results low spin state. It is important to identify the 

electronic structure of the transition metal oxide that controls the catalytic activity 

towards ORR and OER [162].  Figure 12 shows the possible 3d orbital electronic 

configuration of B site transition metal cations in LaMO3 (M=Cr, Mn, Fe, Co and Ni) for 

different spin states. The Cr3+ at low spin state, Co3+ at intermediate state and other 

transition metals at high spin are found to be stable spin state configurations [162-169].  

Suntivich et al. proposed that the rate determining step in the ORR/OER reaction is based 

on the eg orbital filling of B site transition metal cations [170,171]. If the d-electrons are 
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less, the valence state goes up and the eg orbital filling is low resulting in strong adsorption 

of oxygenated species on the B site (strong B-OH bond). This strong bonding limits the 

overall reaction rate by the slow desorption of OH and its derivatives during ORR/OER. 

Similarly, too high eg filling causes weak adsorption of oxygenated species that limits the 

reaction through the slow adsorption of reactants. Therefore, to enhance the activity of 

ORR/OER reaction it is required to balance the adsorption and desorption of reactants 

and the intermediate respectively. The better way is to optimize the eg orbital filling to be 

nearly 1 (eg =1).  

 

 

Figure 12. The possible 3d orbital electronic configuration for LaMO ( M=Cr, Mn ,Fe, 

Co and Ni) for different spin states 

 

The reported mechanism for ORR/OER on perovskite oxide catalysts is summarized in 
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Figure 13. The main four reactions involved in ORR are surface hydroxide replacement 

(Step 1), surface peroxide formation (Step 2), surface oxide formation (Step 3), and 

surface hydroxide regeneration (Step 4).  

 

 

Figure 13. Proposed four electron ORR mechanism on perovskite surface . 

 

The rate determining reaction for ORR perovskite catalyst are step 1 (OO2-/OH 

displacement) and step-4 (OH- regeneration). The eg electrons in B site transition-metal 

cation is attached with OH- ions from the electrolyte. In surface hydroxide replacement 

step the unstable B-OH- is stabilized to B-OO2- form by removing an electron from B-

OH- through O2 + e- reaction. If the eg value is less than 1, the bonding is very strong and 

the energy is not sufficient for the replacement and vice versa for high eg values. The 

surface peroxide formation in perovskite structures is mainly through the reaction∶

 O2
2− + H2O + e− →  OH− + OOH−. Then the hydroxide intermediate is converted to 
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surface oxide in the transition-metal cation surface by changing the oxidation state +(m) 

to +(m+1). The final step in ORR is the surface hydroxide regeneration that is the reverse 

reaction of step 1 where O2- is displaced as OH- on the B site with m+ oxidation state. 

The rate of ORR reaction is determined by the response of O2
2-/OH displacement that is 

indirectly related to the eg orbital filling of B site transition-metal cation. The overall 

process following four-electron reaction pathway for ORR can be expressed as:  

O2
 + H2O + 4e− →  4OH− 

The reaction sequence for OER is depicted in Figure 14.  Like ORR, the binding of OER 

intermediates to oxide surface is governed by the eg filling of transition metal cations in 

B site and thus the catalytic activity. The rate-determining steps in oxygen evolution 

reaction (OER) are O-O bond formation (Step 2) and proton extraction of oxyhydroxide 

group (Step 3). The transition metal cations with eg occupancy close to unity facilitate 

these two RDS efficiently and lead to highest OER activity. The proposed overall OER 

mechanism can be represented as:  

4OH− → 2H2O + O2 + 4e− 
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Figure 14. Proposed four electron OER mechanism on perovskite surface. 

 

In 1975, Matsumoto et al first reported LaNiO3 perovskite for oxygen electrocatalysis 

[172,173]. Bockris and coworkers investigated 18 perovskite structures of La1−x SrxTO3 

(T= Ni, Co, Mn, Fe, Cr, and V) and they corelated the catalytic activity with highly 

occupied antibonding σ* orbital of transition metal – OH bond and proposed a volcano 

plot based on the catalytic activity and bond strength of transition metal – OH bond [174]. 

Among LnMnO3 (Ln = rare earth metals) perovskite, La is found to be the best for 

ORR/OER reaction and the activity trend is in the order of La > Pr > Nd > Sm > Gd > Y 

> Dy > Yb [175] . Sunarso et al studied the intrinsic ORR activity of La based transition 

metal oxide LaTO3 (T = Ni, Co, Fe, Mn, and Cr) without adding any conductive material 

such as carbon black and found the activity in the increasing order of LaCrO3 < LaFeO3 

< LaNiO3 LaMnO3 < LaCoO3 with least formation of HO2
- (1.5%) that confirms the 

pseudo 4 electron transfer pathway[176]. Also, they investigated the equal incorporation 

of transition metals along with Ni based La perovskites LaNi0.5M0.5O3 (M= Fe, Co, Cr, 
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Mn) and the catalytic activity is in the order of LaNi0.5Fe0.5O3 < LaNi0.5 Co0.5O3 < 

LaNi0.5Cr0.5O3 < LaNi0.5Mn0.5O3. Shao-Horn and team conducted several studies in 

powdered perovskite catalyst and detailed investigation was conducted on epitaxially 

oriented La1−xSrxMnO3 surfaces on Nb-doped SrTiO3 substrates for ORR. La0.67Sr0.33 

MnO3 with (110) and (111) orientation is found to be the optimum one when compared 

with (001)[51]. The same group reported the effect of adding some conducting agents 

such as carbon black into the low conducting perovskite structures in order to improve 

the electron transfer to the catalyst surface during ORR/OER mechanism.  LaNiO3 with 

17 wt % of acetylene black exhibits higher specific area and mass activity than 

La0.75Ca0.25FeO3 and LaCu0.5Mn0.5O3 [177]. The volcano plot proposed by Shao horn et 

al   shows the better understanding on the ORR activity of  various perovskite oxide added 

with carbon black and the activity is in the order of : LaMnO3+δ > LaNiO3 > 

La0.5Ca0.5MnO3 > LaMnO3 > LaMn0.5Ni0.5O3 > La0.5Ca0.5CoO3‑δ > La 1−xCaxFeO3 > La 

1−xCaxCrO3 as shown in Figure 15 [178]. The eg electron filling ~ 1 and the increased 

covalence between O 2p orbital and 3d transition metal is the main principle behind the 

ORR activity of the perovskite oxides. Bare LaCoO3 shows 50 % higher formation of 

HO2
−, when compared to LaCoO3 mixed with conductive carbon black and shows a 

pseudo 4 e- pathway in ORR [179]. A 2e-+ 2e- electron pathway was identified for La0.6 

Ca0.4CoO3 supported with carbon black in 1 M KOH electrolyte with a 3% HO2
- 

production during ORR [180].  
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Figure 15. Significance of  eg electron of perovskites on  the ORR activity a) volcano 

plot of perovskite oxide as a function of eg orbital b) eg orbital structure of perovskite 

towards the surface O atom and its role on the exchange of O2
2−/OH− ions. B ions (Red) 

[178].  

 

Bare barium strontium cobalt iron perovskite oxides (BSCF) show the formation of 50 to 
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70 % of HO2
- during ORR. The mixing of acetylene black exhibits improvement in Eonset 

and reduced the formation of  HO2
− and the optimum wt % of the catalyst BSCF(78 wt 

%)/AB with 28% HO2
− formation and overall number of electron transfer of 3.43 during 

reaction mechanism [181].  These studies confirmed the reduction peroxide yield after 

the mixing of carbon black into the perovskite oxides, even though they are not solely 

efficient for ORR. The HO2
- formed is chemically stable over the conductive carbon and 

is further reduced or decomposed over the active site of perovskite oxides. The pseudo 4 

e- pathway (2e- + 2e-) proceeds through the initial reduction of OH- to HO2
- over the 

carbon black and the resulted HO2
- is further reduced into H2O over the perovskite sites 

[182].  

LaFe0.95Pd0.05O3 (LFP0.05) and LaFe0.9Pd0.1O3 (LFP0.1) perovskites were synthesized 

using sol gel method with citrate- EDTA- metal nitrate combined precursors. The post 

thermal treatment under different environment controls the oxidation state of the Pd. The 

presence of a reducing environment yield Pd0 (LFP0.05R) and in presence of air it 

produces Pd2+ ((LFP0.05RO). XPS analysis in Figure 16.a shows the existence of mixed 

oxidation states of Pd3+ and Pd4+ on the surface of LFP0.05. The ORR activity shown in 

Figure 16.b increases in the order of LaFeO3 (LF) < LFP0.05R< LFP0.05RO < LFP0.05 

is attributed to the presence of Pd with higher oxidation state. The ORR activity of the 

catalyst was further improved by increasing the Pd ratio on the catalyst as shown in Figure 

16.c. In Figure 16.d LFP0.1 shows more kinetic current and higher mass activity than 

commercial Pt.  The presence of one or more B site cations shows some synergic effect 

on the perovskite active sites to achieve favorable ORR kinetics. The B site cations was 

replaced with 4d transition metals such as palladium was studied before through the 
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tuning of the oxidation state of Pd [183].  

 

 

Figure 16. a) XPS spectrum of Palladium for LFP0.05, LFP0.05R and LFP0.05RO b) 

LSV polarization curve for LF, LFP0.05,LFP0.05R, LFP0.05RO. c) RDE polarization 

curve for Commercial 20 wt % Pt/C, LFP0.05, and LFP0.1  in 0.1 M KOH at 1600 rpm 

[183].  

 

In 1980s, LaNiO3 was developed due to their intriguing activity toward OER in alkaline 

medium [184].  Later on Yang et al., introduced a design aspect of the catalyst towards 

OER and its molecular orbital concepts in the alkaline medium [ref]. The OER activity 

of LaCoO3 and La0.5Ca0.5 CoO3‑δ was systematically investigated and introduce many 
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more perovskite OER catalysts as shown in Figure 17.a and  its volcano shape relationship 

of the activity with the eg filling of B site transition metal oxide as represented in Figure 

17.b [185].   

 

Figure 17. a) OER activity curve of bare LaCoO3 and La0.5Ca0.5CoO3‑δ , also after 

adding it with acetylene black (AB) b) Volcano plot shows the relationship of 

overpotential and eg orbital filling of B site cations [185].  

 

Zhao et al. developed highly porous perovskite structures of La0.5Sr0.5CoO3‑δ (LSCO) 

nanowire with high oxygen mobility that are synthesized using multistep micro emulsion 

of the metal precursors in alkaline medium. These hierarchical with high specific surface 

area are found to be more suitable of ORR and OER mechanism and are applicable for 

non-aqueous Li−air batteries [186].  Takeguchi and his team synthesized double layer 

perovskite oxide of LaSr3Fe3O10 as bifunctional electrocatalysts for ORR/OER reaction. 

LaSr3Fe3O10 reversible air electrode catalysts can easily remove the oxygen from the 

surface and with an equilibrium potential of 1.23 V [37]. Jin el al prepared 
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Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF) perovskite oxides and tested its bifunctionality of the 

catalysts towards ORR and OER in alkaline medium. BSCF catalyst follows direct four-

electron pathway with maximum limiting current density of 6.25 mAcm-2 at 2500 rpm 

that are comparable to commercial 20 % Pt/C. The onset potential of the synthesized 

catalysts shows a positive shift of 0.12 V in ORR and the onset potential lowers to 0.2 V 

in the OER reaction when compared to pure carbon black shows the excellent 

bifunctionality of BSCF [187]. 

 Graphene based metal catalyst: Graphene supported with transition metal oxides gained 

great attention in research due to the stability and activity. The electrocatalytic activity of 

this supported catalyst on ORR/OER was well studied using both theoretical and 

experimental way [188,189]. Synergic coupling of graphene and transition metal oxide 

through the proper embedding of achieve a stable ORR and OER activity at cathode and 

anode respectively [190]. Along with the transition metal oxides incorporated over the 

graphene structure, other functional groups (nitrogen, carboxyl and hydroxyl) can be 

doped over it to increase the performance and stability [191].  

Cobalt oxide coupled on graphene with 2D and 3D morphology shows excellent catalytic 

activity for ORR in alkaline electrolyte [49,192,193] . The schematic representation of 

the synthesis of Co3O4/rGO hybrid is shown in Figure 18.a. Co2+ ions are functionalized 

with the negative oxygen ions in the graphene sheet through coordination. During 

hydrothermal process, the Co2+ ions present in the graphene sheet was oxidized into Co3+ 

and form Co3O4 rods that deposited on reduced graphene oxides (rGO) through in-situ 

thermal reduction. SEM image in Figure 18.b indicates the presence of Co3O4 nanorods 

dispersed uniformly over the rGO substrate. EDX confirms the presence of Co, O and C 
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with Co to O ratio of 3: 4 is represented in Figure 18.c.  

 

Figure 18. a) Illustration of the synthesis of Co3O4/rGO hybrid  (b) SEM image c) EDS 

spectrum of the nanocomposite [192]. 

 

The ORR performance of Co3O4/rGO  in ORR is measured with LSV plot shown in 

Figure 19.a. [193]. The onset potential of Co3O4/rGO  is more positive than Co3O4 and 

rGO, is very close to commercial Pt/C indicates the improvement in ORR activity of 

Co3O4 coupled with rGO. Nyquist plot shown in Figure 19.b indicates the electron 

transfer kinetics of nanohybrids. The diameter of the Co3O4/rGO in Nyquist plot is much 

smaller than Co3O4, but similar to rGO. This shows that by embedding material in rGO 

enhances the electron transfer in its composite that influences the ORR activity of 

Co3O4/rGO. The LSV curve of Co3O4/rGO at different speed is shown in Figure 19.c 

results the number of electron transfer calculation of 3.5 from KL plot. Therefore, 
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Co3O4/rGO favors 4e- transport in the electrolyte and electrode. Chronoamperometric 

curve shown in Figure 19.d shows the stability of catalyst over time. Co3O4/rGO is stable 

over 6000s while in Std Pt/C after 2000s there shows a slight degradation. This reveals 

that Co3O4/rGO is more catalytic stable and active in 0.1 M KOH solution.  

 

 

Figure 19. a)  Rotating disk electrogram on Co3O4, rGO, Co3O4/rGO and commercial 

Pt/C in O2 saturated 0.1 M KOH solution b) Open potential Nyquist plots of Co3O4, 

rGO and Co3O4/rGO c) LSV curve of ORR  for Co3O4/rGO at different rotation speed 

d) Chronoamperometric analysis [193].  

 

Liang et al. prepared Co3O4/N-rmGO (nitrogen doped reduced graphene oxide) and 

proven the activity for both ORR and oxygen evolution reaction (OER) in 1 M KOH as 

well as 6 M KOH with comparable performance with commercial Pt/C [48]. The OER 
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performance of Co3O4/N-rmGO is found to be higher than Co3O4 and Co3O4/rmGO with 

very smaller overpotential of 0.31 V at 10 mAcm-2. Chen and coworkers synthesized 

mesoporous spinel NiCo2O4 nanoplatelets anchored over graphene sheets that improve 

the overall surface area and facilitate the transport of the reactants during the ORR/OER 

reactions. The insertion of Ni cation into the octahedron sites of spinel structure improves 

the electrical conductivity and rapid charge transport over the catalyst [194]. In the work 

reported by Yan et al, spinel FeCo2O4 attached onto hollow reduced graphene oxide 

spheres (HrGOS) were synthesized using an electrostatic method with SiO2 spheres as 

templates that demonstrate highly enhanced bifunctional activity due to the synergetic 

effect of FeCo2O4 and hollow graphene spheres. The ORR activities of FeCo2O4/HrGOS 

are surpassed to that of Pt/C and OER performance is comparable to that of RuO2/C [195]. 

Dai et al. synthesized bimetallic nanoparticles embedded on graphene that are MnCo2O4 

on graphene nanosheets [196]. The presence of cubic phase and the shifting of peaks to 

lower degree in MnCo2O4/N-rmGO could be due to the substitution of Mn cations over 

it. The activity of MnCo2O4/N-rmGO composite was calculated using LSV of ORR as 

shown in Figure 20.  
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Figure 20. a) Cyclic voltagram for MnCo2O4/N-rmGO hybrid, MnCo2O4 + N-rmGO 

mixture, Co3O4/N-rmGO hybrid, and N-rmGO in 1M KOH with O2 saturated(solid) and 

N2 saturated(dashed) solution b) steady state polarization curve of MnCo2O4/N-rmGO 

hybrid, MnCo2O4 + N-rmGO [195].  

 

The positive shifting of onset potential in MnCo2O4/N-rmGO at 0.88 V than Co3O4/N-

rmGO (0.86 V) in Figure 20.a possess prominent electrocatalytic activity with excellent 

performance. This study suggests the addition of Mn over cobalt based graphene 

enhances the electrocatalytic activity. The LSV at 1600 rpm in Figure 20.b shows higher 

limiting current density in MnCo2O4/N-rmGO (~ 3.8 mA/cm-2) than Co3O4/N-rmGO 

(3.62 mA/cm-2). Thus MnCo2O4/N-rmGO can be considered as a good ORR accelerator 

which has comparable performance with commercial Pt/C. The OER performance of 

MnCo2O4/N-rmGO is found to be lower than Co3O4/N-rmGO could be due to the 

substitution of Mn3+ into the active sites of Co3+  that are considered as the most suitable 

sites for OER. Apart from Mn-Co, researchers pointed there interest in synthesizing some 
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other series of nano bimetallic composite like Co-NiOx/GNs [197], Co- FeOx/GNs [198] 

with high activity and longer durability in alkaline electrolyte.  

Recently, Rebeca Marcilla [199] and co-workers successfully synthesized NiCoMnO4/N-

rGO as highly efficient bifunctional catalyst for both oxygen reduction and oxygen 

evolution reaction (ORR and OER). Ni, Co and Mn in its elemental state were anchored 

over the nitrogen doped graphene nanosheets. The synthesis step is illustrated as shown 

in Figure 21. 

 

 

Figure 21. Schematics for the synthesis of NiCoMnO4/N-rGO material [199].  

 

NiCoMnO4 shows higher number of electron transfer and greater kinetic reaction rate 

than all other prepared material during ORR. NiCoMnO4/N-Rgo shows higher limiting 

current density than Pt/C as shown in Figure 22. At lower over potential, the tafel slope 

of NiCoMnO4/N-rGO is much lower than other materials under study indicates the 

superior catalytic performance with high stability and durability.  
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Figure 22. a) CV of NiCoMnO4, N-rGO, NiCoMnO4/N-rGO, and commercial Pt/C 20% 

in O2 and N2 saturated 0.1M KOH with sweep rate of 20mVs-1 b)rotating disk LSV of 

NiCoMnO4, N-rGO, NiCoMnO4/N-rGO, and commercial Pt/C in O2 saturated 0.1 M 

KOH [199]. 

 

Shaojun, et al. in 2012 conducted another study on cobalt based graphene nanomaterial 

for ORR, in which Co nanoparticles with a layer of CoO were anchored successfully to 

graphene sheets (Co-CoO/GNs). Co and CoO was synthesized through ultra-sonication 

and achieved a core-shell.  Thus synthesized core-shell structure of Co/CoO in graphene 

with diameter 10 nm shows better half wave potential than standard commercial Pt/C  and 

triggered 4 electron flow at -0.5 V was calculated using K-L plot. . Moreover, these 

electrocatalyst shows long term stability and durability than Pt/C was demonstrated in the 

stability test using chronoamperometric method [200].   
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Wu et al. prepared Co3O4/CNT hybrid catalyst with activity and stability because of the 

enhanced active surface area, effective catalytic coupling and stabilized dispersion [201] 

.  

 

2.5. Limitation of existing PGM and Non-Noble metal catalyst towards 

ORR/OER 

 

High energy density technologies of fuel cell and metal air batteries are among the recent 

sources for energy conversion and storage systems being investigated to meet the energy 

requirement of future decades. These technologies are greatly dependent on a pair of 

sluggish electrochemical reactions such as ORR and OER [202-209]. Both reactions 

require high cost metals to enhance its activity and stability, but their availability and cost 

limit their worldwide application in electrochemical technologies. Platinum (Pt) and Pt-

alloys are the most active catalysts for ORR, but they do not show any catalytic activity 

for OER due to the formation of its oxide film over the surface at higher potential [60-

65] whereas on the contrary RhO2 and IrO2 are reported to be most active catalysts for 

OER without much activity for ORR [210-216]. Moreover, the catalytic activity of Pt and 

IrO2 reduces with time because of deactivation caused by agglomeration at the atomic 

scale.  

The Pt loading at anode should be 0.05 mg cm-2 for the oxidation of hydrogen, while in 

cathode, for sluggish reaction kinetics of ORR the Pt loading should be minimum of 0.4 

mg cm-2 for better reduction [132,217]. Commercially, only Pt is reported to be used for 

fuel cells, particularly for ORR reaction, but their limited availability (only South Africa 
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and Russia are the major supplier) and high cost are the key factors in limiting their large-

scale catalytic applications [218]. 

It is still challenging to develop a non-precious and readily available bifunctional catalyst 

suitable of simultaneously activating the ORR and OER. Design and synthesis of the 

heterogeneous bifunctional catalysts includes metal hydroxides, carbon materials and 

sulfides recently received great attention. Also, it is reported that these materials shows 

excellent activity and stability during ORR and get easily oxidized for OER at higher over 

potential. While, the transition metal oxides are likely to be more stable for OER at 

relatively higher oxidizing environment. Synthesis of perovskite at high temperature 

causes structural agglomeration, while their excellent tunable electronic structure gives 

them an advantage in oxygen electrocatalysis. Many challenges in the graphene-based 

composites for electrochemical reaction are remaining. The reaction mechanism over the 

graphene-based nanocomposites and their surface composition and the defective sites 

influence on ORR activity is not yet well defined. The electron interaction and the active 

site sharing of metal oxide and graphene is still not clear.  
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CHAPTER 3: EXPERIMENTAL METHODS 

3.1. Catalysts synthesis 

 During the past decade, considerable attention has been paid on the synthesis of 

nanomaterial in the size range of 1-100 nm with superior chemical and physical properties 

[219-222]. The properties of nano-sized particle differ from the bulk due to the 

confinement in size, surface area and large surface to volume ratio that enables the most 

active sites on the surface of the particles [223,224]. Owing to these features the 

nanoparticles gained great demand both for research and industrial applications. 

Generally, there are two main approaches for the nanoparticle preparation: top-down and 

bottom-up. In top-down approach, the coarse structures are converted into fine 

nanoparticles through physical or chemical techniques. While the bottom-up synthesis 

allows atomic level arrangement of subunits through chemical processes to form 

nanoparticle of desired size and shape with improved surface characters. In this work we 

followed mainly solution combustion synthesis with three different modes and salt 

assisted synthesis to improve the structural characteristics.  

3.2. Combustion synthesis for catalyst preparation 

3.2.1. Introduction 

Combustion synthesis (CS) method is the most widely used bottom-up approach that is 

simple, economical, fast and feasible way to synthesize nanoparticles requiring only 

normally used laboratory facilities such as beakers, hot plate heaters etc. [225-232]. This 

mode of synthesis allows the preparation of wide variety of nanomaterials including 

metals, binary and complex oxides, ceramics, alloys and composites with high purity and 
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homogeneity [233].Traditionally CS has been used in solid-solid reactive medium where 

the reactant powders are pressed together to form pellets that are heated with a heat source 

either locally or uniformly all over the volume. Based on the mode of ignition CS has 

been classified in two groups as shown in Figure 23; self- propagating high temperature 

synthesis (SHS) [234-236] or volume combustion synthesis (VCS) [237-240]. In the 

former case, the reactive pellet is ignited locally at one end and the self-sustained 

combustion propagates from one end to other end in a controlled manner. The latter case 

deals with an even heating and ignition in the entire sample that leads to combustion 

reaction taking place throughout the volume abruptly in an un-controlled way. The solid-

solid CS products have heterogeneity and particle size of the same order as that of reactive 

powders, though this heterogeneity can be controlled to a great extent by manipulating 

the green density and void space in the reactive pellet, nonetheless it is difficult to get 

nanoscale materials. To improve the limitations in solid combustion synthesis and 

produce nanoparticles with uniform properties, solution combustion synthesis (SCS) was 

developed. 

 



  

58 

 

 

Figure 23. Classification of combustion synthesis and its schematic representation. 

 

In SCS mode, water-soluble metal precursors, e.g. metal nitrates (oxidizer) and fuel are 

homogeneously mixed to form a reactive aqueous solution. Metal-nitrates being water 

soluble and efficient oxidizer are the natural choice as metal precursor, while the fuel is 

selected based on the presence of carboxylic, amine and other reactive groups, suitable to 

act as reducing agents. Glycine, urea, glucose, citric acid, hydrazine, poly vinyl alcohol 

(PVA) are the primarily reported fuels in the literature, where the choice of fuel and their 

relative amount does influence the properties of synthesized materials [241-250]. A 

mechanistic study of SCS between metal nitrate and glycine as fuel reveals that the energy 

required for the self-sustained reaction at higher temperature is provided by the reaction 

between NH3 and HNO3 that are released as the decomposition products from metal 

nitrate and glycine respectively. The released energy during this exothermic reaction is 

sufficient for the crystallization and purification of nanomaterials without any post 

synthesis thermal treatment and purification. The stoichiometric equation (1) is 

commonly used to represent the combustion reaction between a metal nitrate and glycine 



  

59 

 

[251-253]:  

𝑀𝜈(𝑁𝑂3)ν + ( 
10

9
 𝜑) 𝑁𝐻2𝐶𝐻2𝐶𝑂𝑂𝐻 +  
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 (𝜑 − 1)𝑂2 

                                                                                   ↓                                                                (1)                       
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2

(𝑠) + ( 
 20

9
𝜑) 𝐶𝑂2(𝑔) +

25

9
𝜑𝐻2𝑂(𝑔) + ( 

5𝜑 + 9

9
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Where ν be the metal valency and φ be the fuel to metal oxidizer ratio defined in a way 

such that φ =1 represents stoichiometric condition requiring no external oxygen for 

complete combustion, whereas φ > 1 represents fuel rich and φ < 1 as fuel lean conditions.  

The nature of fuel and the fuel to oxidizer ratio (φ) are the critical parameters that greatly 

influence the characteristics of the synthesized nanopowders. The φ value governs the 

maximum combustion temperature that in turns tunes the particle size, porosity, surface 

area, level of agglomeration and number of gaseous products. The excess gaseous product 

evolved during the combustion reaction help in decreasing the combustion temperature 

as they take away considerable energy from the system while escaping, and during this 

process they form aligned channels generating porosity in the nanomaterials. These 

phenomena lead to smaller particle size, less agglomeration and large porosity. The single 

step combustion synthesis process involves following key distinct features making them 

attractive for many applications:  

• Liquid phase reactive media provides the homogenous mixing of reactant at the 

molecular level. 

• High combustion temperature ensures high crystallinity and high purity. 



  

60 

 

• Short reaction period and the large amount to gaseous products favor smaller 

crystallite size and high porosity.  

• Highly exothermic reaction ensures minimum external energy requirement for 

synthesis. 

3.2.2. Synthesis procedure 

Metal nanoparticles were prepared by mixing a measured quantity of metal nitrate and 

glycine with stoichiometric fuel to oxidizer ratio (ɸ). The quantity of metal nitrates and 

glycine was calculated based on the stoichiometric equation 1. The precursors were 

dissolved in 25 ml of deionized water (DIW) and stirred continuously for 1 hr to obtain a 

homogeneous mixture and thereafter it was placed over the hot plate at 300°C until all the 

water evaporates, and the solution becomes thick with honey like consistency. Once the 

solution reaches its ignition temperature, combustion starts locally at one point and 

spreads to other parts of the beaker leaving nanopowder in the beaker. The schematic of 

the synthesis procedure is shown in Figure 24.  The samples were collected as 

synthesized, hand-ground using mortar-pestle and sieved with 75μm size sieve to obtain 

nanoparticles with size < 75μm size. These materials were further used for material 

characterization and electrochemical testing.  
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Figure 24. Stepwise synthesis of nanoparticles using solution combustion technique 

 

3.3. Salt assisted combustion synthesis 

3.3.1. Introduction 

Self-propagating solution combustion synthesis faces mainly two issues in controlling the 

level of agglomeration and promoting phase formation. In the past decade, many 

researches were conducted for inhibiting the agglomeration, phase formation, crystalline 

size, surface area and morphology through choosing different fuels and adjusting the fuel 

to oxidizer ratio [254-257]. Nevertheless, none of these techniques was a permanent 

solution for the agglomeration in the solution combustion synthesis. In 2006, Weifang 

Chen and co-workers reported an alternative strategy to inhibiting agglomeration in 

solution combustion synthesis by introducing soluble inert salt to the redox mixture of 

metal nitrate and fuel solution [258]. While using these diluents (KCl or NaCl), adiabatic 

temperature and wave velocity of the combustion wave can be decreased and thus reduce 

the rate of agglomeration and the growth rate of particle size. The salt inclusion act as a 

template to inhibit the agglomeration by binding the particles from growing further and 

breaks up the three-dimensional porous structure that enhances the total surface area.  X. 

Zhang et al. proposed the possible mechanism of formation of well-dispersed CoFe2O4 
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nanoparticle using salt assisted solution combustion synthesis [259].  It has been proved 

that, the hardness, abrasive wear resistance and binding strength of the particles increases 

with the decrease in particle and thereby increases the performance characteristics [260]. 

These inorganic salts are much cheaper, highly soluble in water, thermally stable at high 

temperature, unreactive to the redox mixture, easily removed from the product mixture 

through washing and great recyclability when compared to other organic salts.  

3.3.2. Synthesis Procedure 

The synthesis procedure is same as conventional solution combustion synthesis. Initially, 

metal nanoparticles were prepared by mixing a measured quantity of metal nitrate and 

glycine with stoichiometric fuel to oxidizer ratio (ɸ). The quantity of metal nitrates and 

glycine was calculated based on the stoichiometric equation 1. The precursors were 

dissolved in 25 ml of deionized water (DIW) and stirred continuously for 1 hr to obtain a 

homogeneous mixture. Secondly, KCl to metal ion ratio of 2/3 was used to measure the 

amount of KCl added to the solution and the mixture was placed in a heater at 300°C until 

all the water evaporates. Once the combustion happens, the product was dispersed over 

DI water and boiled it for several times to remove the extra salt residuals. The resulted 

paste was dried over the oven at 70 °C for 3 h. The sequence of salt-assisted solution 

combustion synthesis is shown in Figure 25.  
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Figure 25. Stepwise synthesis of salt-assisted solution combustion synthesis (SCS). 

 

3.4.   Catalyst characterization  

3.4.1. X-Ray Diffraction (XRD) 

 X-Ray Diffraction (XRD) is a rapid analytical tool to identify the structure, physical 

property and phase identification of crystallite materials. A constructive interference of 

monochromatic X-rays and a crystalline sample that obeys Braggs law is the working 

principle of XRD (Figure 26). The Braggs law can be represented as:  

nλ= 2dsinθ                                                             (2) 

where n (any integer), λ, d and θ be the order of reflection, wavelength of X-Ray, spacing 

between the crystal lattice planes that produces constructive interference and the angle of 

incidence of X-rays respectively. This law relates the wavelength of electromagnetic 

radiation to the diffraction angle and the lattice spacing in a crystalline sample. 
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Figure 26. Schematics of the incident X-Rays with atoms in the crystal plane. 

 

The XRD pattern obtained is the unique “fingerprint” of the crystal structure and by 

interpreting it properly using the theoretical diffraction patterns of crystal structures in the 

database (e.g. JCPDS card) identifies the crystalline form of the sample. In this work, we 

used Rigaku MiniFlexII Desktop X-ray powder diffractometer with a wavelength of Cu-

Kα radiation and 10-80° scan range to identify the crystallinity of the catalyst synthesized.  

3.4.2. Scanning Electron Microscopy (SEM)  

Scanning Electron Microscopy is a type of electron microscopy that images the sample 

through the surface scanning using focused electrons. The morphological characterization 

of the sample down to 50 nm size can be resolved using SEM. The electron gun with 

Tungsten filament cathode generate electrons beam with energy of 0.2 eV to 4.0 eV is 

focused to a spot of 0.4- 5 nm diameter through one or two condenser lenses as in Figure 

27.  
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Figure 27. Schematic diagram of scanning electron microscopy (SEM) 

 

 The electrons that interact with the atoms in the sample stimulate the emission of low-

energy secondary electrons and high-energy back scattered electrons. The detected 

secondary electrons varied its intensity depending on the morphology and topography of 

the sample and the back-scattered electrons helps for the rapid phase discrimination 

through the contrast in the composition of sample and provide with a three-dimensional 

image. In this study, we used SEM, Nova Nano 450, FEI was used to identify the surface 

morphology of the samples.  
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3.4.3. Transmission Electron Microscopy (TEM)  

 Transmission Electron Microscopy (TEM) is another technique in which beam of 

electron is transmitted through the sample to generate two-dimensional image. In TEM, 

thermionic emission gun is to generate electron beam and are focused anywhere between 

40 – 200 kV potential. The thickness of the specimen should be less than 100 nm in order 

to transmit the electron beam through the sample. TEM is often used to identify the 

internal structure of the specimen even as small as a column of atoms with ultra-high 

resolution. FEI Talos F200X TEM coupled with EDS (FEI SuperX  EDS system) was 

used to identify the particle size and elemental mapping is used in the whole work.  

3.4.4. Energy dispersive x-ray spectroscopy (EDS) 

Energy dispersive x‐ray spectroscopy (EDS) is a surface analytical technique that allows 

identifying the elemental composition and its relative atomic concentration (%). The 

electron beam (or x-ray beam) that hit on the surface of the specimen generates some X-

Rays that provide the elemental information of the sample. During the electron 

bombardment, the electron from the inner shell was ejected by leaving a hole where the 

electron was misplaced. The electron from the higher energy state tends to move to the 

lower energy vacant level by leaving some energy in the form of X-Rays. The generated 

X-Rays have energy intensity equal to the difference in energy between lower energy 

shell and higher energy shell. The released x-rays were detected by counting the number 

and intensity of the signal using an energy dispersive spectrometer. Depends on the signal 

intensity it is possible to map the corresponding elemental with different contrast and thus 
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identify the individual elements using visual inspection of the image. FEI SuperX EDS 

system coupled with TEM is used for the elemental mapping in this work.  

3.4.5. X-Ray Photoelectron Spectroscopy (XPS) 

X-Ray Photoelectron Spectroscopy (XPS) is a surface sensitive quantitative tool to 

measure the chemical composition, electronic structure and chemical bonding state (or 

oxidation state) of the specimen surface. XPS measurement is taken by probing the rays 

into the depth of 5 nm over the sample surface. The surface scanned using mono-energetic 

Al kα x-rays triggers the formation of photoelectrons from the sample. The energy of the 

emitted photoelectron was measured using electron energy analyzer that is incorporated 

with the detector.  The detector identifies the intensity of the emitted photoelectron and 

the binding energy, that in turns analyzed the surface elemental composition, chemical 

state and electronic structure (Figure 28).  

 

 

Figure 28. Schematics of X-ray photoelectron spectroscopy. 
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In our work, the role of xps is to identify the chemical and electronic state of bimetallic 

catalyst and the bonding configuration of monometals in solid bimetallic solution. The 

bonding configuration and elemental analysis on the surface of bimetallic materials were 

identified using X-Ray Photoelectron Spectroscopy XPS, Kratos AXIS Ultra DLD.  

3.4.6. Fourier-transform infrared spectroscopy (FTIR) 

Fourier-transform infrared spectroscopy (FTIR) is a commonly used technique for the 

quantitative and qualitative analysis of organic substances to understand the molecular 

structure and chemical bonding of the molecules in it. The IR signal from the source 

passes through the sample through interferometer and received by the detector. The 

received signal is processed through an amplifier and analog to digital converter 

respectively. The output signal provides the information of how much of the beam is 

absorbed and that represents the molecular fingerprint of the sample and also detailed the 

structural insights. Thermo Nicolet FTIR 6700 in the range of 400 to 1800 cm-1 is used 

to understand the chemical bonding on the surface of catalyst.  

3.4.7. Ultraviolet–visible spectroscopy (UV–Vis) 

Ultraviolet–visible spectroscopy (UV–Vis) is a popular analytical technique that uses 

specific wavelength of light in the range of UV (190-400 nm) and visible (400 to 800 nm) 

spectrum. The sample is shined with light in wavelength of UV-Vis spectrum; it absorbs 

some of the light and transmits the rest of the light. The transmitted light was detected 

and quantitatively analyzed the absorbance profile of the sample. The ratio of intensity of 
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light pass through the sample (I) and the light intensity before passing through the sample 

(I0) is the Transmittance and can be expressed in terms of absorbance as  

                                                              𝐴 =  𝑙𝑜𝑔𝐼0
𝐼
                               (3) 

The principle behind UV-Vis spectroscopy is based on the excitation of electron. When 

a photon of particular energy hits in atoms and molecules the electrons is excited form 

lower energy state to higher energy state with an energy difference called “band gap”. 

The band gap of a material is influenced by its chemical structure and can be calculated 

using Tauc equation: 

                   αhν = A(hν-Eg)
n     (4)  

where h be the Planck's constant,  be the frequency of the vibration, A is the absorption 

coefficient, Eg is the band gap of the semiconductor and n is a constant, which is 1/2 for 

a direct transition or 2 for an indirect transition. Optical properties of the synthesized 

catalysts in this work were studied using Thermo scientific Evolution 300 UV-Visible 

spectroscopy. 

3.4.8. Brunauer–Emmett–Teller (BET) surface area 

Brunauer–Emmett–Teller (BET) theory is based on the physical adsorption of gas 

molecule on the solid surface that measures the specific surface area and pore size 

distribution of the material. BET theory applies on the multilayer system where the 

adsorbent gases are chemically inert to the   sample surface. BET, the multilayer 

adsorption system works as an extension of Langmuir isotherm where the adsorbed gas 

over monolayer was calculated.  Physical absorption between the adsorbate molecule and 

adsorbent surface area carried out in liquid nitrogen environment is through relatively 
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weak van der Waal force. Continuous flow or volumetric flow procedure is used to 

measure the amount of adsorbed gas molecule. Outgassing is the most important pre-

treatment procedure that remove all the gasses and contaminants that are already present 

in the sample surfaces and pores, thus make the surface pores empty and allow the total 

adsorption of adsorbent gases to improve the accuracy. 

Adsorption-desorption isotherms of all synthesized materials were recorded on a 

Micromeritics ASAP 2420 Surface area analyzer at liquid nitrogen temperature. From the 

adsorption desorption isotherms, specific surface area was calculated using BET method. 

Following are the conditions for Degassing and Analysis: 

 Degas Conditions: 

1.            Evacuation 

Temp ramp rate: 10 oC/min 

Target Temp: 90 oC/min 

Evacuation rate: 5.0 mmHg/s 

Evacuation time: 60 min 

2.            Heating Phase 

Temp: 120 oC/min 

Temp ramp rate: 10 oC/min 

Time: 240 min 

Analysis Condition: 

Method: Silica Alumina, N2@ 77 K 

3.5.  Electrochemical performance 
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In order to conduct the electrochemical measurements, the synthesized nanoparticles 

added with conductive carbon black were used for the cathodic reaction of the 

electrochemical cell. A 30 mg of catalyst was mixed with 3.5 ml of DIW and sonicated 

for 1 hr. Then a 70 mg of carbon black was measured and added slowly over the well-

dispersed nanoparticles and again sonicated for 3 hr. The ink thus prepared was dried on 

a hot plate at 110°C overnight. The working electrode was prepared by dispersing 10 mg 

of Catalyst/C in 2.5 ml DIW and sonicating for 1 hr. A 20 µL of the dispersed solution 

was deposited over the working electrode (5mm dia. glassy carbon disc) and kept for 

drying in open environment. Once dried, a 20 µL Nafion solution (0.1 wt%) was dropped 

slowly to bind the catalyst over the electrode and kept for drying overnight. The catalyst 

loaded over the glassy carbon is 122.4 gcm-2 .The following techniques were used to 

understand the electrochemical performance of the catalyst.  

3.5.1. Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) is a potentiodynamic electrochemical technique that measure 

the current develops in an electrochemical cell with a backward and forward potential 

sweep that provides more information on electrochemical reaction rate and redox 

potentials [261]. During this potential cycling, corresponding current was measured from 

the working electrode and plotted with respect to applied potential gives the cyclic 

voltammogram trace. The electrochemical characterization of an analyte in the solution 

or the property of the material adsorbed on the working electrode can be measured using 

cyclic voltammetry. Figure 29 shows the cyclic potential ramp and a typical 

voltammogram correspond to it. The rate of potential sweep over time during each cyclic 
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run of the experiment is its scan rate (V/s). The generated current was measured between 

the working electrode and counter electrode, while the potential is measured between 

working electrode and reference electrode.  

 

Figure 29. a) Cyclic voltammetry potential waveform b) Typical cyclic voltammogram 

for a reversible reaction. 

 

The potential sweep from t0 to t1 in Figure 29.b increases the cathodic potential and thus 

increases the cathodic current (Ipc) through the reduction of analyte on the system. The 

potential depletion from t1 to t2, cause the re-oxidation of the reduced analyte, if the redox 

couple is reversible and increases the current value in the anodic reaction (Ipa) [261]. If 

the reversibility of the redox couple is high, the peak current curve of anodic and cathodic 

reaction looks similar. This single electron redox reaction can be represented as:  

                                                𝑀+ +  𝑒− ↔ 𝑀                                           (5) 

The speed of the scanning potential is controlled by the scan rate and faster the scan rate, 

more will be the electron transfer in the working electrode and current generated will be 

the limited by the diffusion of analyte species to the surface of electrode. The measured 
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current value is proportional to the square root of the scan rate. Faster the scan rate, size 

of the diffusion layer decreases and increases the quantity of current measured.  

 

3.5.2. Linear sweep voltammetry (LSV) 

Linear sweep voltammetry (LSV) is an electroanalytical method to measure the current 

at working electrode through the linear sweep of voltage from its lower limit to higher 

limit. LSV is an irreversible electrochemical reaction with the potential sweep only in one 

direction [261]. Consider the electrochemical reduction of Fe3+ to Fe2+ and a 

thermodynamic equilibrium was established over the electrode surface as mentioned 

using Nernst equation: 

                                                    𝐸 =  𝐸0 +
𝑅𝑇

𝑛𝐹
𝑙𝑜𝑔

𝐹𝑒3+

𝐹𝑒2+                                     (6) 

 

Where E is the applied potential difference and E0 be the standard potential of electrode 

used.  
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Figure 30. a) Direction of linear potential sweep b) corresponding current-voltage profile. 

 

While increasing the potential from the equilibrium potential V1 to V2, the surface of the 

working electrode changes and starts to flow current by converting more reactants as in 

the following equation. 

  

 

(7) 

 

 

 

At some particular potential, a thick diffusion layer formed over the surface of the 

electrode that slows down the transfer of reactant flux to the electrode to satisfy the Nernst 

equation (6) and current value drops from its maximum. The size of the diffusion layer is 
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related to the voltage scan rate. For low scan rate, higher will be the thickness of diffusion 

layer over the electrode and thus reduces the measured current and vice versa. LSV 

identifies the unknown species over the electrode and calculate the solution concentration.  

3.5.3. Chronoamperometry (CA)  

Chronoamperometry (CA) or potential step amperometric is an electrochemical technique 

in which the potential between the working electrode and reference electrode is stepped 

and the resulted current with respect to time was measured. When the potential difference 

between the reference electrode and working electrode is zero, there is no redox reaction 

takes place and the net current value is zero. When a potential that enough to induce a 

redox reaction is applied over the working electrode (at t0), the reactants get reduced 

through the depletion of the oxidants (Figure 31). Through density gradient process, more 

reactants move away from the electrode and the flow of oxidants increases towards the 

surface of working electrode. These moving charges are termed as diffusion current. In 

this work, we used CA to understand the durability of the catalysts and identified the 

degradation mechanism.  

 

Figure 31. a) Potential waveform for chronoamperometry b) current signal associated 
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with the potential step. 

3.5.4. Rotating disk electrode (RDE) and rotating ring disk electrode 

(RRDE) measurement 

A Rotating disk electrode (RDE) is a hydrodynamic electroanalytical technique that 

induces a flux of analyte to the electrode that reduces the diffusion layer thickness. The 

electrode can rotate between 400 rpm to 3000 rpm in its vertical axis. The rotation of 

electrode induces a high rate of steady-state mass transport through convection. The RDE 

electrochemical setup is used to analyze the reaction mechanism related to a chemical 

phenomenon. Rotating disk electrode system consist of a conductive disk such as Pt, Ni, 

Cu, Au, Fe, Si, CdS, glassy carbon and graphite, surrounded with an inert non-conductive 

polymer or teflon attached to an electric motor that controls the rotation of the electrode 

as shown in Figure 32.a. The rotating disc drags the solution near to the surface and causes 

a momentum in the direction of tangent that pushes the electrolyte towards the exterior 

side, ie to the direction perpendicular to the working electrode (Figure 32.b). Thus, the 

rotation causes the pushing of the liquid electrolyte towards it and enables the kinetic 

study of the electrochemical reaction involved.   
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Figure 32. a) schematic diagram of RDE b) motion of electrolyte in the RDE 

configuration. 

 

RDE measurements for ORR in KOH involves three regions with diffusion limiting 

current value, half wave potential and onset potential that governs the catalytic activity 

as in Figure 33. First region is kinetic control region including on-set potential which is 

trigger potential for a desired reaction, second region is kinetic and diffusion mixed 

control region including the half wave potential and third region is diffusion control 

region including diffusion controlled current. 
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Figure 33. I-V profile of ORR in KOH. 

 

Koutecky-Levich (KL) plot was used to calculate the number of electrons transferred in 

the overall reaction from the slope of the best fit on the linear slope on the basis of KL 

equation:  

1

𝐽
=

1

𝐽𝐿
+

1

𝐽𝐾
=

1

𝐵𝜔1 2⁄  +
1

𝐽𝐾
                    (8) 

 B= 0.62nF𝐶0(𝐷0)
2 3⁄

𝑣−1 6⁄                   (9)   

  𝐽𝑘 = 𝑛𝐹𝑘𝐶𝑜                                                          (10)  

 Where 𝐽, 𝐽𝐿, and 𝐽𝐾  are measured current densities, diffusion-limited current and kinetic 

current densities owing to transport, and the kinetic current densities related to charge 

transfer, respectively. ω is the electrode angular rotation, n is the overall electron transfer, 

F is the Faraday constant (96485C mol-1), 𝐶0 is the bulk concentration of O2 dissolved in 
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the electrolyte (7.8×10-7 mol-cm-3 for 1 M KOH electrolyte), 𝑣 be the kinematic viscosity 

of electrolyte (0.01 cm2 s-1), D0 is the O2 diffusion coefficient (1.9×10-5 cm2 s-1) and k is 

the electron-transfer rate constant.  

Rotating ring disk electrode (RRDE) is also a hydrodynamic voltammetry that consist of 

two working electrodes. The main difference between the RDE and RRDE is the 

secondary ring working electrode around the main central working electrode. RRDE is 

commonly used to understand the mechanism of the reaction and measure the 

intermediate products. As explained in Chapter 2, ORR can follow either direct four 

electron pathway or two electron pathways with two intermediate reactions. The 

intermediate hydrogen peroxide can be detected through the Pt ring over the RRDE and 

thus calculate the number of electron transfer as the following equation:  

The number of electron transfer (n) and H2O2 yield (H2O2
- %) per oxygen molecule was 

calculated using below equation: 

                                                                 n =
4× ID

ID+IR /N
                                      (11) 

                                                           H2O2 % =    
200× IR /N

ID+IR /N
                        (12) 

where 𝐼𝐷, 𝐼𝑅 and N are the disc current, ring current and collection efficiency (N= 0.25) 

respectively.  

In our work, a standard three cell electrode with an aqueous solution of 1M KOH as an 

electrolyte and a PINE instrument bipotentiostat (WaveDriver 20) were used at room 

temperature to measure the electrochemical activities. A glassy carbon disc of 5 mm 

diameter attached to a Teflon RDE housing (PINE Instruments) and connected with a 

rotator (maximum speed of 3600 rpm) was used as a working electrode. A platinum coil 
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and Ag/AgCl (in a 4M KCl solution) single junction were used as the counter electrode 

and the reference electrode respectively. Before conducting CV analysis, the working 

electrode was pretreated electrochemically for 100 cycle with a scan rate of 500 mVs-1 in 

the potential range between -0.9 V to 0.4 V. To start the CV analysis a 100 ml KOH 

electrolyte was bubbled with high purity N2 gas for 1 hr and the CV data was collected 

between -0.9 V to 0.4 V with a scan rate of 50 mVs-1 for 10 cycle. The oxygen (reduction 

and evolution) reactions were studied by purging O2 for 1 hr and conducting a CV analysis 

in the above-mentioned potential range. The linear sweep voltammetry was performed in 

the potential of -0.9 V to 0.7 V at a scan rate of 5 mVs-1 with a rotation speed ranging 

from 400 rpm to 1600 rpm. 

Rotating ring disk electrode (RRDE) measurement was carried out in same 

electrochemical workstation with working electrode is 5mm glassy carbon electrode with 

platinum ring of 7.50 mm outer diameter and 6.5 mm inner diameter where the ring 

potential was set to be +0.6 V. A platinum coil be used as counter electrode and Ag/AgCl 

(in a 4M KCl solution) single junction as reference electrode. The measurement was 

conducted in 1 M KOH electrolyte solution saturated with O2 prior to the experiment. 
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CHAPTER 4: INFLUENCE OF FUEL RATIO ON THE PERFORMANCE OF 

COMBUSTION SYNTHESIZED BIFUNCTIONAL CATALYSTS FOR ORR AND 

OER 

4.1. Introduction 

Solution combustion synthesis (SCS) is fast, simple, economical way of synthesizing 

nanomaterials by fast heating rate (up to 106 K/s). The energy required for the synthesis 

was meet from the heat of reaction during the process. The combustion temperature in 

SCS is high enough to avoid the post treatment methods (e.g.: calcination). The typical 

SCS involves the exothermic reaction between the metal nitrates and oxygen containing 

fuel (e.g. hydrazine, glucose, urea, glycine). Depending on the type and ratio (φ) of fuel 

used, the physical and chemical nature of the nanoparticle varied. Particle size, porosity, 

surface area, nature of oxide carbon content and morphology can be tuned with the fuel 

ratio (φ). Cobalt nanoparticles synthesized using SCS modes were reported before in our 

previous work. Here we are reporting the electrochemical behavior of cobalt 

nanoparticles synthesized using SCS with different fuel ratio (φ=0.5,1,1.75)  

4.2.  Experimental 

Aqueous solution of cobalt nitrate (Co(NO3)2·6H2O) and glycine (C2H5NO2) were used 

for the synthesis of cobalt nanoparticles. The quantity of nitrate and fuel were calculated 

to obtain 1.5 g of product in the output whereas the amount of glycine varies with the fuel 

ratio (φ=0.5, 1, 1.75). The measured precursors were dissolved in 25 ml deionized (DI) 

water and kept for 1 hour at room temperature to obtain a homogeneous solution that was 

placed over the hot plate heater at 250°C to heat the entire solution until combustion takes 
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place and nanoparticles are formed. The obtained nanoparticles were crushed using a 

hand mortar and sieved using < 75 µm sieve to achieve uniformity in the particle size. 

The prepared cobalt nanoparticles were mixed with carbon black to ensure the 

conductivity in the electrochemical reaction. A 30 mg of cobalt nanoparticle was 

dispersed well in 0.2 ml of DI water and sonicated for 1 hr followed by a slow addition 

of 70 mg of carbon black to prepare the ink for electrocatalytic experiments. The ink thus 

formed was dried on the hot plate at 110°C until all water evaporated and sample dried. 

The dried sample was again crushed and sieved to be used as a functional catalyst for 

electrochemical experiments. The working electrode was prepared by dispersing 10 mg 

of Co/C in 2.5 ml DI water and sonicate for 1 hr. A 20 µl of that solution was slowly 

deposited over a glassy carbon disc (5mm dia) and allowed to dry overnight. A 20 µl of 

0.01% nafion solution was added to bind the catalyst over the surface.  

4.3.  Result and discussion 

4.3.1. Catalysts characterization 

XRD pattern of cobalt nanoparticles shown in Figure 34 indicates the phase change of 

cobalt at different fuel ratios utilized during synthesis. At lower fuel ratio, φ= 0.5, the 

cobalt is present as Co3O4, and by increasing fuel content to φ= 1.75, Co3O4 partially 

reduces to form a mixture of CoO and Co3O4. Scherrer’s equation was used to calculate 

the crystallite size of particles from XRD pattern [262]. While changing the reduction 

condition from fuel lean (φ=0.5) to stoichiometry, the crystallite size increases from 10.1 

nm to 18.23 nm and for the fuel rich state (φ= 1.75) the size increases to 20.2 nm. It is 

common to observe an increase in the crystallite size and a decrease in BET surface area 
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as the fuel content is increased during synthesis [263]. 

 

Figure 34. XRD profile of cobalt nanoparticles synthesized using SCS method at 

different fuel ratio. 

 

 The SEM morphology and the elemental composition of the synthesized cobalt oxide are 

shown in Figure 35. SEM images of cobalt nanoparticles synthesized using SCS 

technique with a) 0.5 b) 1 c) 1.75 fuel ratio (scale- 10 µm). The table shows the atomic 

concentration of different element obtained from EDX analysis of the corresponding 

SEM images, clearly indicates porous nature of material formed due to evolution of 

gaseous products during combustion. In congruence with surface area, porosity is also 

affected by the amount of fuel used during synthesis; nonetheless pore size distribution 

is not very uniform. The elemental composition indicates the presence of more carbon 
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content with higher fuel ratio (8.87 % for φ=0.5 as compared to 12.87 % for φ=1.75), 

possibly due to an increase in the carbon coming from the fuel used. The diminishing 

oxygen concentration from 53.82 % (φ=0.5) to 38.76 % (φ=1.74) is an indication of the 

reducing environment created by using excess fuel that partially converts the Co3O4 to 

CoO as indicated by the XRD results.  

 

 

Figure 35. SEM images of cobalt nanoparticles synthesized using SCS technique with a) 

0.5 b) 1 c) 1.75 fuel ratio (scale- 10 µm). The table shows the atomic concentration of 

different element obtained from EDX analysis of the corresponding SEM images. 

 

Figure 36 shows the TEM images of catalysts synthesized at different fuel ratio. Low 

magnification images of catalyst for φ = 0.5, 1 and 1.75 (Figure 36. a, d and g) show an 

increase in the particle size along with increase in the level of agglomeration. The particle 

size in the fuel lean catalyst, φ = 0.5, is 8-12 nm whereas the size appears to increase at 
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higher fuel ratio though exact size estimation through visual inspection is difficult due to 

agglomeration. Figure 36 (b, g and h) illustrate the HRTEM of individual particles. Well-

resolved lattice fringes with inter-planar distance of 0.25 nm and 0.28 nm corresponding 

to (311) and (220) planes for spinel structured Co3O4 [264] can be clearly identified.  The 

FFT square spots shown in Figure 36c suggests Co3O4 single crystal features, in a good 

agreement with the XRD phases identified in Figure 34. The lattice point at (222) with 

lattice spacing of 0.23 nm is well indexed for spinel Co3O4 [265]. The lattice spacing of 

0.475 nm and 0.205 nm confirms the set of planes (111) and (200) which corresponds to 

the CoO as in the XRD peaks for φ = 1.75.  
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Figure 36. TEM, HRTEM and SAED images of synthesized catalysts  (a-c) φ = 0.5 (d-f) 

φ = 1 (g-i) φ = 1.75. 
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The elemental mapping of the corresponding TEM images in Figure 36 is shown in Figure 

37. The STEM images of synthesized catalyst at φ = 0.5, 1 and 1.75 are shown in Figure 

37(a, e and i). The elemental mapping confirms the uniform presence of Co and O 

throughout the catalyst. The decrease in brightness of the O spectrum represents the 

decrease in the oxides of cobalt.  

 

 

Figure 37. Elemental mapping by high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) for synthesized catalysts at different fuel ratio. 
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The optical behavior of the three catalysts were studied using UV-Vis spectra as shown 

in Figure 38. The optical absorption spectrum in Figure 38(a-c) shows two bands 

corresponding to the two ligands to metal charge transfer transition normally occurring 

in the spinel Co3O4. The lower band peaks associates with φ =0.5, 1 and 1.75 are at  445 

nm, 525 nm 540 nm and that of higher band wavelength are 785 nm, 795 nm and 800 nm. 

The red shift of the peaks towards fuel lean condition shows the tendency of decrease in 

particle size. The absorption peak centered at lower band is associated with O-2  to Co+2 

and higher band corresponds to O-2  to Co+3 transition [266-269]. The optical band gap 

energies can be determined using the Tauc plot with hν in x- axis and (αhν)1/r in y-axis 

where r = ½ for direct band gap materials and α is the absorption coefficient as shown in 

Figure 38(d-e). The extrapolation of the hν value to α = 0 at the linear portion of the curve 

gives the band energies. There are two linear portions intersecting at x axis at Eg2 and Eg1 

holding values of 2.2 eV and 0.91 eV for φ = 0.5, 2 eV and 0.92 eV for φ = 1, and 1.95 

eV and 1.1 eV for φ = 1.75. The optical band gap (Eg = Eg2 - Eg1) of three catalysts 

synthesized at φ = 0.5, 1 and 1.75 are 1.29 eV, 1.08 eV and 0.88 eV respectively. The 

relation between band gap energies and particle size are inversely proportional and 

indicates a decrease in particle size with increase in band gap. Based on this statement, 

the particle size increases with increase in fuel ratio with highest particle size for φ =1.75 

and lowest for φ =0.5, showing good consistency with the XRD and TEM results.  
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Figure 38. UV-absorption spectrum (a-c) and corresponding tauc plot to obtain bandgap 

by extrapolation to α = 0 for all the catalyst at φ = 0.5, 1 and 1.75. 

4.3.2. Electrochemical analysis and characterization 

Figure 39 displays the cyclic voltammogram (CV) of the three cobalt catalysts in an O2 

saturated 1M KOH solution. The anodic peak (a1) at positive current density and cathodic 

peaks (c1 and c2) at negative current density corresponds to the oxidation and reduction 

reactions.  Number of cobalt oxide phase with different oxidation states are confirmed 

with the multiple peaks in the CV. The redox behavior of cobalt oxide in alkaline medium 

can be described as following [269,270]:  

Oxidation / Anodic scan : 

                                         3Co(OH)2 +  2OH−  →      Co3O4 + 4H2O + 2e−         

                                            Co3O4 +  OH− + H2O → 3 CoOOH +  e−                 
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                                           CoOOH +  OH− →   CoO2 +  H2O +  e−                    

Reduction / Cathodic scan : 

                                             CoO2 + H2O +   e−  →  CoOOH + OH−                   

                                             3 CoOOH +   e− →  Co3O4 +  OH− + H2O                

                                           Co3O4 + 4H2O + 2e−  →  3Co(OH)2 +  2OH−            

The further increase in positive current density after a1 peak is associated with the oxidation 

reaction known as oxygen evolution reaction: 

          4OH−  →  O2 + 2H2O +  4e−                             

The CV characterized by an anodic peak (a1) and cathodic peak (c1) is due to the quasi-

reversible redox couple CoO2 / CoOOH in the reaction. The oxygen reduction peak (C2) 

at φ =0.5 has a positive shift compared to other two catalysts and reflects the better 

activity for oxygen reduction reaction. The catalyst synthesized at higher fuel value has 

lower activity, possibly due to the high residual carbon decreasing the active metal 

content, in addition to large crystallite size and smaller surface area.  
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Figure 39. CV curves of cobalt nanoparticles synthesized using SCS mode at different 

fuel ratios in O2 saturated 1M KOH solution at a scan rate of 50 mVs-1 

 

The LSV curves shown in Figure 40.a confirm the bifunctional activity of the catalyst for 

ORR and OER. The ORR activity in 1M KOH alkaline medium with 1600 rpm rotation 

speed at a scan rate of 5 mVs-1 shown in Figure 40.b indicate the maximum diffusion 

limiting current density for Co with φ=0.5, whereas the curves are almost overlapping for 

φ=1 and φ=1.75. There is a clear positive shift in the onset potential for φ=0.5 at -0.165 

V which indicates the better catalytic activity on φ=0.5 than on φ=1 or φ=1.75. The 

catalytic activity for OER in O2 saturated 1M KOH solution in the potential window of -

0.12 V to 0.8 V shown in Figure 40c displays the highest anodic current for φ=0.5 

compared to the other two catalysts. The OER current densities of φ=0.5, 1 and 1.75 at 

0.8 V are 90.49, 49.5 and 44. 4  mAcm-2   respectively. The anodic current density of 
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φ=0.5 is nearly double to that of the other two catalysts. RDE polarization curves at 

various rotation speeds from 400rpm to 1600rpm were used to understand the kinetics of 

ORR on φ=0.5 catalyst, and the results are presented in Figure 40.d. The limiting current 

densities increases by changing the rotation from 400 rpm to 1600 rpm by shortening the 

O2 diffusion distance to the catalysts surface.   
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Figure 40. a) Rotating disk electro voltammogram of cobalt catalyst at different fuel 

ratio in O2 saturated 1M KOH solution with a rotation speed of 1600 rpm at a scan are 

of 5 mVs-1 in the potential range of -1.2 V to 0.8 V b) ORR region of LSV curve 

between 0.7 V and 0.2 V c) OER plot in the region of -0.12 V to 0.8 V d) steady state 

polarization curve of Co @ ϕ=0.5 at different rotation rate in 1 M KOH electrolyte. 

 

The overall number of electron transfer during oxygen reduction reaction is used as a 

criterion to determine the efficiency of a catalyst that can be obtained by using equation 

(9), and graphically represented in KL plots as shown in Figure 41.a. The KL plot at -
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0.45V follows a linear behavior that indicates the first order kinetics towards the dissolved 

oxygen reduction. The number of electron exchanged per oxygen molecule for the ORR 

are calculated to be 3.2, 2.99 and 2.9 for φ=0.5, φ=1 and φ=1.75 respectively. Kinetic 

current density shown in Figure 41.b follows a decrease in its intensity with increase in 

the fuel ratio. The electrocatalytic activity of the bifunctional catalyst towards ORR and 

OER can be more adequately specified in terms of Tafel plots shown in Figure 41.c-d. 

The Tafel plots are obtained by plotting Jk corresponding to the potential (V), where Jk  is 

the kinetic current density obtained from Koutecky–Levich equation (8).  The two slopes 

marked (at a high and a low potential) in the Tafel plot correspond to Temkin isotherm 

and Langmuir isotherm. The most suitable catalyst will have the lowest slope value at 

Langmuir isotherm and highest slope value at Temkin isotherm. Table 1 shows the Tafel 

slope for each region at ORR and OER. Co with φ=0.5 achieves the most appropriate 

conditions with a slope value of 48 mV/dec at Langmuir isotherm and 88 mV/dec at 

Temkin isotherm. In the OER activity region, all of the catalysts exhibit good 

performance with the highest activity observed for φ=0.5. 
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Figure 41. a) Koutechy - Levich plot for the ORR at -0.45 V, b) kinetic current density 

for all the catalysts, c) Tafel slope for ORR region, d) Tafel slope OER region in O2 

saturated 1M KOH electrolyte at a rotor speed of 1600 rpm. 

 

The observed differences in the electrocatalytic performance could be due to the 

differences in physio-chemical properties of the synthesized materials. The catalyst 

prepared with fuel-rich (φ=1.75) solution have low activity due to the lower surface area, 

larger crystallite size and high amount of carbon. The level of amorphous carbon at high 

fuel ratio hinders the activity of the catalysts. The cobalt nanoparticles in Co3O4 phase 
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follow high activity and four electron pathway when compared to other phase, CoO, 

which is anticipated to follow 2 electron pathway due to the intermediate formation of 

HO2
−  reducing the activity.  

 

Table 1. Tafel Performance Parameters for ORR and OER 

 ORR Tafel slope OER Tafel slope 

(mV dec-1) Catalyst blow (mV dec-1) bhigh (mV dec-1) 

0.5 48 88 102 

1 53 78 104 

1.75 54 78 108 

 

4.4.  Conclusion 

Cobalt nanoparticles with different fuel ratios (φ = 0.5, 1, and 1.75) were synthesized 

using solution combustion synthesis. At lower fuel values (φ=0.5), the particles were in 

Co3O4 phase and by increasing the fuel ratio, a partial reduction is observed, displaying a 

mixture of CoO and Co3O4 phases at φ=1.75. The elemental composition from EDX study 

indicates an increase in carbon content and a decrease in oxygen content when increasing 

the fuel ratio. Based on the CV results, the ORR potential peaks for Co (φ=0.5) showing 

a positive shift from the potential observed for other two catalysts synthesized at higher 

fuel ratio. LSV results show a positive shift in the onset potential for Co (φ=0.5) 

exhibiting the highest limiting current density. The OER current density follows a similar 

trend with maximum value observed for Co (φ=0.5). A comparison of Tafel plots, on 

account of lower slope at Langmuir isotherm and higher slope at Temkin isotherm, also 
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confirms an improvement in the electrocatalytic performance of Co (φ = 0.5) in relation 

to other two catalysts. The observed differences in the electrocatalytic behavior of the 

three catalysts could be due to the nanoparticle size, surface area, porosity in addition to 

the oxidation state of Co found after synthesis. The fuel lean condition (φ = 0.5) is 

associated with the synthesis of smaller nanoparticles with higher surface area, possibly 

being dominant factor in improving its activity for ORR and OER reaction.  

 

 

Outcome of the chapter published in journal:  Ashok, A., Kumar, A., Bhosale, R. R., 

Almomani, F., Saad, M. A. H. S., Suslov, S., & Tarlochan, F. (2019). Influence of fuel 

ratio on the performance of combustion synthesized bifunctional cobalt oxide catalysts 

for fuel cell application. International Journal of Hydrogen Energy, 44(1), 436-445.  
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CHAPTER 5- PROBING THE EFFECT OF COMBUSTION-CONTROLLED 

SURFACE ALLOYING AND STUDY THE EFFECT ON ORR AND OER.  

5.1.  Introduction    

Bimetallic nanoparticles have received great attention due to their multi functionalities, 

selectivity and activity over monometallic particles and their increasing applications to 

various areas including electronics, optical, catalytic and magnetic [271-276]. Bimetallic 

nanoparticles with different structures like crown-jewel, hollow, heterostructure, core—

shell, alloys and porous structure has been synthesized using various techniques such as 

chemical methods, hydrothermal, impregnation, sol–gel, spray pyrolysis, and 

precipitation methods [277-281]. This structural diversity is due to the atomic distribution 

of the individual metals in bimetals. The significance of bimetals due to their chemical 

and physical properties is derived from the synergetic factors of two constituent metals 

in the bimetals [282-284].  

5.2.  Synthesis of Ag-Co3O4 alloys using SCS 

Bimetallic Silver-Cobalt (Ag-Co) gained a wide attention in different branches of science 

and industry including catalysis [285,286], biotechnologies [287], energy storage and 

conversion devices such as fuel cells, batteries etc. [288-290].  Different techniques have 

been used for the preparation of bimetallic AgCo including hydrothermal reduction, sol-

gel, intermatrix synthesis, co-precipitation and so on [285,287,291]. Erdogan et al 

synthesized bimetallic AgCo using co-precipitation method and studied the catalytic 

oxidation of carbon monoxide [291]. Alonso and co-workers tested the bacterial 

disinfection property of fibrous polymer Ag/Co composites and compared the 
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bactericidal activity of monometals of Ag and Co [287]. Lima et al designed bimetallic 

silver-cobalt particles with different molar ratio for oxygen reduction reaction in alkaline 

medium [290]. In this chapter, we used solution combustion synthesis for nanoparticle 

preparation and studied the effect of synthesis conditions on surface and bulk structures 

that shows good ORR and OER response in basic medium.  

The bimetallic silver-cobalt was synthesized using three different modes of solution 

combustion synthesis with 1:1 weight ratio. The synthesis process is schematically 

represented in Figure 42. It should be noted that three synthesis modes are termed as 

AgCo-11, AgCo-12 and AgCo-21 for the sake of convenience and not necessarily 

represent the metallic form of Ag and Co. As it will be clear in subsequent sections, in 

most cases cobalt is present in oxidized states.  

Mode 1- AgCo-11: 

A homogeneous aqueous solution of silver nitrate (AgNO3), cobalt nitrate 

Co(NO3)2·6H2O and glycine (C2H5NO2) with fuel to oxidizer ratio (φ) of 1.75 was 

prepared by mixing desired molar ratio of precursors in 25 ml of water. The amount of 

precursors were measured based on the preparation of 1.5 g of products using 

stoichiometric values as shown in equation (1). The dissolved precursors were heated 

over a hot plate at 250°C until the water evaporates, and the reactive gel reaches to its 

auto-ignition temperature. Thereafter, the self-sustained combustion wave propagates 

from one end to other end of the beaker by converting the precursors to metal/oxides 

nanopowder. 

Mode 2- AgCo-12: 

During this mode, the silver nitrate (AgNO3) and glycine (C2H5NO2) with fuel to oxidizer 
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ratio (φ) of 1.75 was combusted in a single step in Figure 42 shows Mode 2 to produce 

silver nanoparticles.  A solution of cobalt nitrate Co(NO3)2·6H2O) and glycine (C2H5NO2) 

were mixed with the synthesized silver nanoparticles in the next step. This solution was 

mixed thoroughly by dispersing the nanopowder completely; thereupon this mixture was 

combusted over the hot plate heater. This combustion mode is termed as second wave 

combustion synthesis (SWCS) and usually involves two stages consisting of solution 

combustion synthesis. In this mode, the cobalt/cobalt-oxide particles are expected to be 

on the top of the silver nanoparticles that synthesized in the first stage of combustion. 
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Figure 42. Schematic representation of three different modes of solution combustion 

synthesis. 

  

Mode 3- AgCo-21: 

In mode 3, cobalt nitrate Co(NO3)2·6H2O) and glycine (C2H5NO2) solution was 

combusted to synthesize cobalt/cobalt-oxide nanoparticles initially. These nanopowders 

are mixed with silver nitrate (AgNO3) and glycine (C2H5NO2) solution followed by 
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second wave combustion. Here silver particles are expected to be on the surface possibly 

covering cobalt nanoparticles. The obtained nanopowders from three modes were crushed 

using hand motor and sieved to obtain particles < 75µm. These particles were 

characterized using different techniques to identify the structure and composition of the 

synthesized nanopowders.  

5.3.  Results and Discussion 

5.3.1. Catalysts characterization 

Detailed thermodynamic analysis of all the expected way of combustion is illustrated in 

Figure 43. Silver at φ =1.75 gives an adiabatic combustion temperature of 1676 K with 

silver in liquid phase. The melting point of Ag is 1234 K and any temperature higher than 

this value causes conversion of solid phase to liquid form. The adiabatic combustion 

temperature of Co is 1469 K and AgCo-11 is 889.85 K respectively. The cobalt nitrate-

glycine mixture at φ =1.75 yields pure metallic cobalt, and silver nitrate-cobalt nitrate-

glycine (AgCo) system gives metallic Ag crystals and cobalt in Co3O4 phase. In AgCo-

12, cobalt nitrate-glycine combustion takes place in presence of silver nanoparticles that 

was prepared during the first stage of combustion, and the whole system reaches an 

overall combustion temperature of 1424 K and the output phases at the adiabatic 

combustion temperature are liquid Ag with solid metallic cobalt. While in AgCo-21, there 

are three possibilities with the Co, CoO and Co3O4 during the second phase of 

combustion. AgCo-21 with Co reaches the combustion temperature at 1423 K with Ag 

liquid phase and metallic cobalt form. When using CoO as the input in second stage, the 

output product distribution is a mixture of Ag (liquid), CoO and Co at 1394 K. The partial 
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reduction of CoO to Co was possibly achieved during the combustion of silver-glycine 

system due reducing environment created by product gases. Similarly, Ag (NO3)-

C2H5NO2 combustion in presence of Co3O4 gives metallic silver at 1069 K along with the 

conversion of 88 % of Co3O4 to CoO. During the second wave combustion, there is a 

possibility of gaseous mixture creating reducing environment that reduces the existing 

oxides formed during the first stage of combustion.  

 

Figure 43. Adiabatic combustion temperature and the output products in the three 

modes of combustion. 
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The sequence of reaction in bimetallic combustion can be explained in terms of the 

decomposition temperature of silver nitrate and cobalt nitrate obtained from literature and 

are in the order of 473 K and 448 K respectively [292,293]. Once the temperature of the 

cobalt nitrate-silver nitrate-glycine mixture reaches to 448 K, cobalt nitrate starts to 

decompose possibly leading to exothermic combustion reaction that increases the 

temperature and subsequently starts the combustion of silver-nitrate-glycine. In this 

sequence, Ag is anticipated to be on the surface of cobalt/cobalt-oxide even though it 

involves a single step combustion synthesis. This sequence is similar to the steps involved 

in AgCo-21 that is accomplished in two stages. The silver nitrate- glycine combustion is 

performed in presence of cobalt oxide that have been synthesized earlier. Based on the 

order in which combustion reaction takes place in AgCo system, some similarities in 

properties of AgCo-11 and AgCo-21 are anticipated. 

Figure 44 shows the XRD pattern of Ag-Co nanoparticles prepared via three different 

modes of solution combustion synthesis. The phase identification indicates the presence 

of metallic Ag and oxides of cobalt in +2 and +3 oxidation states. The presence of peak 

in all the three cases at 38.2°, 44.3°, 64.6° and 77.6° corresponds to the Ag (111), Ag 

(200), Ag (220) and Ag (331) respectively. The diffraction pattern of cubic Co3O4 

displays four characteristic bands at 31.28°, 36.6°, 59.21° and 65.32° that were confirmed 

with PDF#43-1003. In AgCo-12 and AgCo-21, the Co3O4 phase was partially reduce to 

CoO through the second phase of combustion that produces a reducing atmosphere for 

further reduction. The presence of CoO in AgCo-12 and AgCo-21 indicates the weak 

diffraction pattern at 43.54°. This result seems inconsistent with the thermodynamic 

analysis discussed earlier, however, it should be noted that thermodynamic calculations 
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were performed assuming adiabatic and inert conditions, whereas actual combustion 

experiments were conducted in a beaker placed on a hot plate heater and open to 

atmospheric air. A close look at the peaks shown in Figure 44.b indicates a slight shift in 

2θ of Ag (111) and Co3O4 (311) planes to higher value could be due to either the existence 

of lattice strain or by the change in chemical composition owing to solid solution 

formation. The doping of one atom to other causes the rearrangement of the atom 

periodicity and thus changes cell parameters causing a shift of diffraction peaks. AgCo-

12 shows greater displacement that promotes the better incorporation of Ag and Co atoms 

together to form alloys acting as transition zones leading to bimetal formation [294-296].  

 

 

Figure 44. a) XRD pattern of bimetallic AgCo synthesized using different modes of 

combustion synthesis b) selected 2θ region of XRD pattern. 

 

FTIR spectrum in Figure 45  indicates the chemical bonding and functional groups 

attached to the surface of as-prepared AgCo nanopowders. The spectrum of AgCo 
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compounds were compared with monometals of combustion synthesized Ag and Co, 

prepared with the same fuel ratio. The absorption band between 400 to 655 cm-1 is related 

to the metal-oxygen bond on the catalyst surface. In that case, Ag does not display any 

absorption peak either due to the presence of Ag in pure metallic phase or due to the local 

sintering at higher value of fuel ratio that weakens the bonding vibrations [297,298]. The 

absorption at 652 and 549 cm-1 in cobalt are attributed to the stretching vibration of cobalt-

oxygen bond and confirms the presence of spinel Co3O4. The vibration spectrum at 652 

cm-1 is related to tetrahedrally coordinated Co2+( 3d7), and 549 cm-1 band confirms the 

octahedrally coordinated Co3+(3d6) [242,299]. The presence of unburned carbonyl 

impurities from the incomplete combustion was affirmed from the weak absorption peak 

at 835 cm-1 [300]. The absorption spectrum of monometallic cobalt and AgCo-12 has 

close resemblance that indicates the presence of predominantly cobalt on the surface of 

AgCo-12. Moreover, the absorption peak of AgCo-21 tends to merge the peak to a flat 

band confirming the pre-dominant elemental phase of metallic silver on the surface. The 

existence of peaks related to spinel Co3O4 in AgCo-21 is possibly due to a higher molar 

ratio of cobalt in the overall composition.   
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Figure 45. FTIR spectrum of as-prepared bimetals of Ag-Co and its monometals 

synthesized using different modes of SCS. 

 

The optical absorbance spectrum of all the synthesized catalysts is shown in Figure 46. 

The surface plasmon resonance band of silver nanoparticle show a single absorption peak 

at 470 nm, and that for cobalt nanoparticle there are two absorption bands at 540 nm and 

800 nm. The lower band at 540 nm can be related to the O-2 to Co+2 charge transfer, 

whereas the higher band at 800 nm is associated with the O-2 to Co+3 charge transfer 

[268,269]. In silver-cobalt systems, the optical absorption band showing only single 

surface plasmon resonance peak on the lower band spectrum confirms the alloying 

between silver and cobalt [301]. The resonance peak of silver at 470 nm and lower band 

spectrum cobalt at 540 nm merges together while alloying. The lower band in AgCo-12 

shifted to left side (blue shift) when compared to other two bimetals, which could be due 
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to the quantum confinement of the nanoparticles with decrease in dimension [302]. The 

absorption band gaps for all the samples as shown in Figure 46.b were determined using 

Tauc equation (4) [303,304]: 

The two-band gap values in cobalt are due to the presence of two absorption peaks that 

points the inter-band transition in spinel Co3O4. The lower band gap corresponds to the 

transition between O2- and Co3+, and higher band is associated with O2- and Co3+ charge 

transfer [305,306]. The Co3+ forms an intermediate band inside the energy gap of spinal 

Co3O4. The optical band gap of AgCo-12 was found to be higher when compared to other 

compounds that could be due to the quantum confinement effect with decrease in 

crystallite size of particles.  
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Figure 46. (a) UV-Vis absorption spectrum of monometals of Ag and Co, and alloyed 

AgCo compounds in aqueous solution, and (b) their corresponding Tauc plot. 

 

SEM micrograph of the AgCo alloys synthesized using three different modes of solution 

combustion synthesis is shown in Figure 47. The synthesis mode plays an important role 

in tuning the morphology and structure of the nanoparticles. A detailed discussion on the 

effect of combustion synthesis parameters on the morphology and structure can be found 

earlier reports [263,307]. It can be seen that all the nanopowder show porous network, 

which is predominantly due to the channels formed by escaping gases that are released 

during the combustion process. AgCo-11 shows a broad distribution of smaller particles 

on larger clusters. AgCo-12 indicates the presence of larger clusters of fine particles. 
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Moreover, AgCo-21 gives wider distribution of relatively uniform sized smaller particles 

that agglomerate to form lumps. The identification of Ag and Co is difficult from visual 

inspection and requires TEM along with phase mapping for better understanding.  

 

 

Figure 47. SEM of as-prepared AgCo alloys using different modes of SCS, (a) AgCo-

11, (b) AgCo-12, and (c) AgCo-21. 

 

 TEM images of three Ag-Co NPs are presented in Figure 48. Based on their phase 

contrast, the silver NPs (Ag atomic weight = 107.8682) are expected to appear darker as 

compared to cobalt (Co atomic weight = 58.933). NPs are found to be agglomerated in 

all the three samples nonetheless Ag NPs seem to be well dispersed in AgCo-11 (Figure 

48.a & d) and AgCo-21 (Figure 48.c & f) sample as compared to AgCo-12 (Figure 48.b 

& e). Agglomeration is reported to be a common challenge in SCS synthesized samples 

[263,307,308], and in case of bimetallic Ag-Co, Ag NPs seem to be relatively less 

affected as compared to cobalt, possibly due to being smaller in size and anchored to 

cobalt NPs. For AgCo-11, as it can be seen in Figure 48.a, isolated silver particles in the 

range of 8 – 15 nm size are distributed over the larger cobalt oxide particles. In the case 
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of AgCo-12, Ag particles are expected to be partially/fully covered by Co particles that 

are synthesized in the second combustion wave as shown in Figure 48.b whereas in case 

of AgCo-21 (Figure 48.c), Co particles are synthesized first, and Ag particles are 

deposited on Co surface. A size distribution study indicates that Ag NPs are in the range 

of 7 – 14 nm.   

 

 

Figure 48. TEM images of as synthesized NPs and its corresponding lattice fringes at 

high magnification for (a and d) AgCo-11 (b and e) AgCo-12 (c and f). AgCo-21. 

 

High resolution TEM images indicating lattice fringes are shown in Figure 48.d–f and 

confirm that NPs are highly crystalline in nature. FFT analysis of Ag NPs in AgCo-11 
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samples (Figure 48.d) indicates an atomic plane spacing of 0.235 nm correlating with 

(111) lattice planes of Ag crystals that is in good agreement with XRD data (Figure 44). 

This indicates the presence of Ag (111) planes having face-centered cubic (fcc) structures 

[309]. FFT analysis on Co crystals indicates the presence of Co3O4 with lattice spacing 

of 0.286nm and 0.25nm corresponding to (220) and (311) crystal planes. In Figure 48.e 

it is difficult to analyze the lattice spacing of silver NPs nonetheless Co-oxide crystals 

plane spacing of 0.28 nm and 0.212 nm corresponding to Co3O4 (220) and CoO (200) 

planes are seen [310], and found in the phases as detected by XRD. AgCo-21 in Figure 

48f shows the presence of Ag (111) and Co3O4 (220) crystal planes [311]. 

The elemental phase mapping of the synthesized AgCo nanoparticles using three different 

modes of SCS shown in Figure 49 gives a better understanding of alloying and elemental 

composition. The elemental mapping confirms the presence of Ag and Co throughout the 

catalyst. The increase in brightness of STEM image in AgCo-21 could be due to the 

presence of more silver on the surface of cobalt and that gives a higher contrast image. 

As apparent from the TEM image, AgCo-12 have higher cobalt particle on the surface 

and size confined particles are lying below the cobalt. It also shows a better control in 

alloying for AgCo-12 that is evident from the XRD peak shifting when compared to the 

other two samples. The surface elemental composition is further evaluated using XPS 

analysis to confirm the findings from TEM and SEM images.  
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Figure 49. Elemental phase mapping by HAADF-STEM for the synthesized Ag-Co 

nanopowders. 

 

Figure 50 shows the xps surface analysis of as-prepared silver-cobalt alloys. The xps 

spectrum in Figure 50.a gives the maximum intensity of Ag3d for AgCo-11 and AgCo-

21 than AgCo-12. It shows two strong peaks at 368.4 eV and 374.4 eV with a splitting of 

6 eV that are attributed to the Ag 3d5/2 and Ag 3d3/2 orbitals of metallic Ag [312,313]. 

The position of Ag 3d5/2 and Ag 3d3/2 and its corresponding areas are shown in the 

Table 2. It should be noted that the areas of Ag 3d peaks for the three AgCo samples show 
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dramatic distinction. The peak area is a function of the number of Ag atoms on the 

surface. Highly dispersed Ag atoms on the surface cause an increase in the intensity of 

Ag3d spectrum lines. With this aspect, the amount of Ag3d in the surface is decreasing 

in the order of AgCo-21>AgCo-11>AgCo-12. This could be due to the synthesized silver 

in the first stage of combustion being covered with cobalt synthesized later. This sequence 

of combustion reduces the surface Ag content in AgCo-12 than other two cases.  

 

             Table 2. Measured XPS Spectrum for Ag3d and the Quantitative Analysis. 

 Ag 3d5/2 Ag 3d3/2 

B.E 

(eV) 

Area %Are

a 

B.E (eV) Area %Area 

AgCo-11 368.2 4743.26 34.51 374.2 3387 24.64 

AgCo-12 368.02 4552.08 39.90 374.0 2974 26.07 

AgCo-21 368.27 5488.33 44.73 374.2 3448 28.13 

 

 

Each Ag 3d level can be de-convoluted by splitting the peaks on the basis of Gaussian 

function to calculate the amount of various oxidation states. The deconvolution was able 

to detect two additional peaks at ~ 366 eV (~ 372 eV) and ~ 369 eV (~ 375 eV) indicating 

the presence of Ag2O (AgI) and AgO (AgII) along with metallic Ag, which is the major 

phase  as shown in Figure 50.b-d [314,315]. The existence of this oxidized form can also 

be correlated with the cobalt on the scanning surface. The ratio of AgI and AgII
 is higher 

in AgCo-12 than AgCo-21, which could be due to the better adhesion of oxygen from 

Co3O4 on the surface of Ag. The absence of AgI in the AgCo-21 sample may be due to 
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the presence of more Ag on the surface and that hinders the oxygen coupling from cobalt 

species that are lying beneath it.  

 

 

Figure 50. XPS spectrum of Ag 3d of AgCo of (a) peak intensity spectrum of Ag 3d and 

(i-iii) de-convoluted spectrum of each Ag 3d. 

 

It is clear from the Co2p spectrum in Figure 51.a that the Co concentration on the surface 

increases in the order of AgCo-11< AgCo-21 <AgCo-12. The highest content of Co on 

the surface of AgCo-12 is from the second wave combustion when cobalt is synthesized 

on the surface of previously formed silver. The inset in Figure 51.a of Ag3d in AgCo-12 

a) i)

ii) iii)

Ag 3d

Ag 3d Ag 3d
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has shifted to a lower binding energy and Co2p in AgCo-12 was shifted to higher energy 

value relative to AgCo-11 and AgCo-21. This shift indicates that electron was transferred 

from Co to Ag in the alloys and there exist a strong electronic interaction between the 

metals in AgCo-12 [316]. The Co2p curve fitting in Figure 51.i-iii confirms the existence 

of two spin orbital doublets (Co3+
 and Co2+) and two shake up satellite peaks. The Co2p 

spectrum in has two distinct sharp peaks at 780.2 ± 0.6 and 795.6 ± 0.6 eV that correspond 

to Co2p3/2 and Co2p1/2 with a spin orbital splitting of ~ 15.4 eV [317]. The 

deconvolution of each Co 2p peak indicates the co-existence of Co3+ and Co2+ at lower 

and higher binding energies. The peak area of AgCo-12 shows higher value and the 

AgCo-11 be the least one. The surface ratio Co2+/Co3+ of AgCo-12 (0.81) was similar to 

that of AgCo-21 (0.76), but much higher than of AgCo-11 (0.54). Some of Co3O4 formed 

initially is reduced to CoO (Co3+ to Co2+) through the second wave combustion as evident 

in XRD and thermodynamic calculations is the reason of this trend in surface composition 

of Co2+/Co3 [318]. The same reasoning can be extended to the change in area of shakeup 

satellite peaks at 789.5 eV and 804.5 eV. These shakeup satellite peaks are the 

characteristics of Co3O4 and the peak is higher for AgCo-11 and least for AgCo-21 could 

be the reason for no reduction of Co3O4 to CoO in former case and there is a chance of 

higher reduction in later case through the second wave combustion.  
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Figure 51. XPS spectrum of Co 2p of bimetallic Ag-Co of (a) peak intensity spectrum 

of Ag 2p and (i-ii) de-convoluted spectrum of each Ag 3d. 

 

The XPS of O 1s spectrum in the inset Figure 52.a shows a characteristic peak at 529.6 

eV (OL) corresponded to the oxygen of the metal crystal lattice (M- O bond) and a 

noticeable shoulder peak at higher binding energy suggested the presence of absorbed 

oxygen on the surface [319,320]. The quantitative analysis of O1s (Figure 52.a) in the 

three modes samples give maximum intensity of oxygen for AgCo-12, whereas AgCo-11 

and AgCo-21 hold same amount of oxygen. The existence of more O 1s content on AgCo-

12 could be from the oxygen bounded to the cobalt (Co3O4) where AgCo-12 carries more 

cobalt on the surface as discussed above.  
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The de-convoluted xps peak of C 1s core level of sample is illustrated in the inset of 

Figure 52.b. The sharp peak at 284.6 eV indicating the presence of sp3 C-C bond and 

smaller shoulder peaks at ~ 286 eV and ~ 288 eV show the bonding configuration of C-

O-C and O-C=O respectively. The combined spectrum of all the AgCo samples signifies 

the existence of higher atomic configuration of carbon in AgCo-11 and decreases in the 

order of AgCo-11 > AgCo-21 > AgCo-12. The decrease in carbon content on AgCo-12 

(16.93 %) and AgCo-21 (17.93 %) when compared AgCo-11(29.98 %) is due to the 

combustion of extra carbon in the second wave of synthesis in SWCS mode that reduces 

the overall C 1s composition. During second wave combustion, there is a subsequent 

rearrangement of elements on the surface and the higher content of carbon in AgCo-11 

causes the reduction of overall metallic/oxide content of Ag and Co on the surface. This 

gives more prominent evidence for the presence of approximately equal proportion of 

silver on AgCo-11 and AgCo-21 whereas AgCo-21 gives more atomic concentration of 

cobalt on the surface than AgCo-11 sample. To summarize, it is clear from the result and 

discussion that the synthesis sequence plays a great role in the surface composition and 

final structure of the nanocompound. Moreover, through SWCS there is a better control 

in alloying and reduction in the carbon content, which is relatively high in conventional 

solution combustion synthesis. The nanoparticles synthesized using this modified 

technique can be used in various field of catalytic application owing to the upgraded 

surface science and better control in structure.  
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Figure 52. XPS spectrum of a) O 1s b) C 1s of three samples of Ag-Co. Inset shows the 

corresponding deconvolution spectrum. 

 

5.3.2. Electrochemical analysis and characterization 

 

The electrocatalytic activity of Ag-Co bimetallic catalyst synthesized via different 

schemes has been examined with CV to test the bi-functionality in N2- (Figure 53.a)/O2-

saturated (Figure 53.b) 1.0 M KOH electrolyte at a scan rate of 50 mVs-1. ORR activity 

was assessed by comparing the two CVs in O2-saturated electrolytes. The complete 

electrocatalytic activity of Ag-Co (ORR and OER) includes the redox reaction that 

involves the oxidation of Ag and reduction of silver oxides. The redox reaction peaks in 

Figure 53.a at A2 and C2 is due to the formation and reduction of AgO [321] , respectively 

that can be represented as follows   

Ag2O + 2OH- ↔ 2AgO + H2O + 2e-           

The second pair of redox reaction peaks at A1 and C1 at 0.7-0.75V and around 0.5-0.6 V 

is attributed to the formation and reduction of Ag2O [322] as represented below:  
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2Ag + 2OH- ↔ Ag2O + H2O+ 2e-                          

The redox reactions A2 and C2 are same for all the three types of catalysts, while A1 and 

C1 are different. A clear shift of C1 in the cathodic direction is visible towards a negative 

potential in the order of 0.58, 0.54 and 0.51V for AgCo-21/C, AgCo-11/C and AgCo-

12/C is due to the strong interaction of the absorbed oxygenated species and highest for 

AgCo-12 when compared to other catalysts could be due to the presence of more Co-

species over the surface[290].  The extra reduction peak of C3 in O2-saturated 1.0 M KOH 

electrolyte (Figure 53.b) is due to the oxygen reduction reaction. The cathodic reaction 

on AgCo-12/C is positively shifted by 0.208 in comparison with AgCo-11/C and AgCo-

21/C. As reported before, the electrochemical activity has been enhanced through the 

ligand mechanism of charge transfer between the catalyst metals where the Co particles 

that perturbs the active sites of Ag NP[13,289].  

 

 

Figure 53. Cyclic voltammetry for AgCo-11 /C, AgCo-12/C, AgCo-21/C catalyst in a) 

N2 saturated b) O2 saturated 1M KOH electrolyte at 0.05Vs-1 in a wide potential range to 

demonstrate the ORR and OER performance. Arrow indicates the scan direction 
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The catalytic activity of all the samples was obtained using the LSV measurement at a 

speed range from 400 rpm to 1600 rpm in O2-saturated of 1.0 M KOH solution is shown 

in Figure 54.a. The activity of the catalyst was determined by the half-wave potential of 

ORR curve. The positive shift on the onset potential is more on AgCo-12/C in comparison 

with AgCo-11/C and AgCo-21/C and the calculated limiting current density on AgCo-

12/C is greater than other two Ag-Co catalysts but lower than standard Pt/C. AgCo-12/C 

shows comparable kinetics with Pt/C. The limiting diffusion current density in the disk 

increases with the increase in rotation speed for AgCo-12/C catalyst (Figure 54.b). This 

expected trend is due to the decrease in diffusion barrier that enables an easy pathway for 

the passage of electrons at high speed. 
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Figure 54. a) Rotating Disk electrode I-V polarization curve in O2 saturated 1M KOH at 

1600 rpm for different Ag-Co alloy synthesized with SCS at a scan rate of 5 mVs-1 b) 

LSV performance of AgCo-12 /C at different rotation rate from 1600 rpm to 400 rpm c) 

K-L plot for ORR at 0.15 V (Inset- bar plot shows the kinetic current density and the 

number of electron transfer in each catalysts) d) Bifunctional ORR and OER 

performance of different catalysts. 

 

Levich plot in Figure 54.c shows the electron transfer that occurs in the overall ORR. The 
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number of electrons transferred is independent on the rotation speed, but they are greatly 

influenced by the catalytic material used and the reaction environment. The number of 

electron transfer (n) calculated from the Levich line slope of the catalyst by Equ (3.9) is 

explained earlier. It is observed that AgCo-12/C results in the transfer of 3.9 electrons 

whereas AgCo-11/C and AgCo-21/C involved in 3.7 and 3.8 electron exchange at a 

potential of 0.15 V. The inset bar plot shows the kinetic current density in which AgCo-

12/C has the value very close to standard Pt/C. The bi-functionality of Ag-Co catalyst 

shows the anodic current (OER) and cathodic current (ORR) for RDE-LSV experiment 

at 1600 rpm (Figure 54.d). In OER, AgCo-12/C has higher anodic current than other two 

catalysts. This suggests the rapid transfer of electrons between electrolyte and the catalyst. 

An increase in the catalytic activity of the electrochemical reaction for AgCo-12/C is 

evident from all the above results. The presence of Co3O4 and CoO in the sample as 

mentioned in the XRD (Figure 44) and TEM (Figure 48) analysis respectively. Cobalt 

oxide network formed over Ag particles increases the binding energy to the oxygen 

adsorbed and facilitates the O–O bond splitting [290]. Also, the oxygen adsorbed on 

Co3O4 is transferred to the adjacent Ag particles and get reduced there. Likewise, if the 

rate of oxygen transport to the Ag is higher in AgCo-12/C it will increase the activity in 

the ORR and OER reaction. 

Tafel plot has proved another way to analyses the mechanism of ORR. Mass transfer 

corrected Tafel plot is obtained from the log(Jk) vs V where Jk is the kinetic current density 

calculated from modified Koutecky–Levich Equ (3.8). Two different linear Tafel slopes 

were noticed at low and higher over potentials in each catalyst. Lower slope at lower 

potential and with larger values of slope at higher overpotential corresponding to Temkin 
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isotherm and Langmuir isotherm is preferred for better reduction mechanism [323]. Tafel 

slopes in Figure 55.a for AgCo-11/C, AgCo-12/C and AgCo-21/C are in the order of 

35mVdec-1, 29 mVdec-1and 30 mVdec-1, respectively for higher potential; and 79 mVdec-

1, 85 mVdec-1, 81 mV dec-1 for lower potential. Lower Tafel slope for AgCo-12/C when 

compared with other catalyst indicates the fast transport of electrons between the catalyst 

and electrolyte. The catalytic efficiency was identified by calculating the exchange 

current density[324]. The exchange current density Jex for AgCo-11  /C, AgCo-12/C and 

AgCo-21/C are 2.7×10-5A/cm-2 (5.5×10-4A/cm-2), 1.06×10-4A/cm-2 (4.2×10-3A/cm-2) and 

4.4×10-5A/cm-2 (1.3×10-3A/cm-2) for high over potentials (low over potential). Jex is a 

strong evidence to show that AgCo-12/C is more sensible for the electric current response 

with the potential and a promising catalyst for the ORR reaction. Tafel plot in Figure 55.b 

for OER corresponding to the three Ag-Co catalysts with smallest slope for AgCo-12/C 

displaying better catalytic performance for the water electrolysis reaction (OER) to 

generate oxygen. Overall, the AgCo-12/C catalyst shows the best performance for OER 

and ORR among the three catalysts tested. This high activity could be ascribed to its 

synergic coupling between the mono-metals and a fast charge transport in it.  
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Figure 55. Mass-transport corrected tafel plot for a) ORR and b) OER of various catalysts 

in 1M KOH solution corresponding to 1600 rpm LSV plot 

 

The catalytic activity of AgCo-12/C for ORR was confirmed with low Tafel slope and 

lower exchange current density at high potential, and high exchange density and larger 

Tafel slope at lower potentials. So, it can be concluded that AgCo-12/C is a promising 

catalyst for the application of fuel cell and water electrolysis owing to the presence of 

more Co atoms on the surface that promote the transfer of oxygen to Ag where it is 

reduced by releasing electrons.  

 

5.4.  Synthesis of Ag-CuO alloys using SCS 

 

The alloying of Ag and Cu has been reported to be an active electrocatalyst for fuel cell 

and zinc-air batteries [115], with Ag75Cu25 showing better electrocatalytic performance 

for ORR reaction as compared to silver alloys with Co, In and Fe having similar 

composition. DFT calculations indicate the existence of strong adsorption energy and low 
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activation energy barrier in bimetallic silver-copper [117]. In this section, we report the 

application of solution combustion synthesis (SCS) to prepare high surface area Ag-Cu 

nanomaterials and access their performance for ORR and OER. 

Synthesis of mono-metals of silver and copper (SCS Ag & SCS Cu): Silver nanoparticles 

were prepared by mixing a measured quantity of silver nitrate and glycine with 

stoichiometric fuel to oxidizer ratio (φ). The quantity of metal nitrates and glycine was 

calculated based on the stoichiometric Equation (1) [263,307]. The precursors were 

dissolved in 25 ml of deionized water (DIW) and stirred continuously for 1 hr to obtain a 

homogeneous mixture, and thereafter it was placed over the hot plate at 300°C until all 

the water evaporates. Once the solution reaches its ignition temperature, combustion 

starts locally at one point and gradually spreads throughout the synthesis medium leaving 

nanopowder inside the beaker. Similarly, copper nanoparticles were synthesized using 

copper nitrate and glycine with φ = 0.5 to obtain maximum yield. Using a higher amount 

of fuel, as in case of φ = 1, results in a highly vigorous combustion forming a dense fume 

dispersing the copper nanoparticles in air with only small quantity remaining inside the 

beaker. 

Mode 1 - AgCu-11: In this mode of synthesis, bimetallic Ag-Cu were synthesized in a 

single step by adding silver nitrate and copper nitrate together with glycine (φ = 0.5) by 

keeping the molar ratio Ag:Cu at 1:1. The procedure followed for synthesis was same as 

that mentioned in above section.  

SCS AgCu-12: This is a two-step synthesis technique termed as second wave combustion 

synthesis (SWCS) in which silver nanoparticles was synthesized in the first step using a 

mixture of silver nitrate and glycine as explained before. In the second step, the 
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synthesized Ag nanoparticles were mixed with the homogeneous solution of copper 

nitrate-glycine and heated again over the hotplate to allow it for a second combustion. 

The prepared sample is expected to be bi-metallic Ag-Cu nanoparticles with different 

surface composition than SCS AgCu-11, with higher amount of Cu on the surface.  

Mode 3 AgCu-21: In this mode of synthesis, the copper nanoparticles were synthesized 

first using copper nitrate-glycine solution. The resulted nanoparticles were mixed with 

the silver nitrate - glycine solution for the second wave combustion synthesis. The SWCS 

AgCu-21 is expected to have higher Ag content on the surface as compared to SCS AgCu-

11.  

 

 

 

5.5.  Results and discussion 

5.5.1. Catalysts characterization 

The XRD results of the silver-copper nanoparticles synthesized in different modes of SCS 

are shown in Figure 56. In silver nanoparticles, four peaks of metallic silver (JCPDS card 

no. 65-2871) at 38.11° (111), 44.31° (200), 64.41° (220) and 77.41° (311) are clearly 

observed. The copper sample is presented as mixed oxides of CuO (JCPDS 48-1548) and 

Cu2O (JCPDS 78-2076). The bimetallic AgCu-11 and AgCu-12 samples indicate the 

presence of Ag and CuO, whereas the AgCu-21 does not show any peaks associated with 

oxides of copper. The absence of copper oxides in AgCu-21 sample could be due to the 

possible reduction of CuO to Cu in the second wave of combustion.  
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Figure 56. XRD pattern of synthesized silver-copper using different modes of 

combustion synthesis 

 

The SEM micrographs of the SCS silver-copper in different modes of combustion 
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synthesis are shown in Figure 57. The agglomeration of nanoparticles is clear in all the 

SEM images [263,307,308]. The silver nanoparticles formed in Figure 57.a are in micron 

level as clusters of nanoparticles. Copper nanoparticles are also agglomerated but show 

high porosity. The AgCu-11 microstructure looks similar to that of AgCu-21 showing 

plate like structures resembling with metallic Ag microstructure obtained in Figure 57.a. 

This indicates the surface could be mainly composed of Ag particles. In the case of AgCu-

21, the two-step SWCS would result in silver particles being formed on already 

synthesized copper particles. As evident from the metal nitrate decomposition 

temperature pattern (copper-nitrate glycine system would have a lower ignition 

temperature than the silver-nitrate glycine system) the AgCu-11 may have experienced 

the synthesis of copper particles followed by the synthesis of silver particles, thus silver 

being mainly formed on the surface of copper particles. This analysis of combustion 

synthesis pattern is consistent with the SEM microstructures and easily explains the 

similarity in the microstructure of AgCu-12 and copper particles in Figure 57.d and Figure 

57.b respectively that are different as compared to Figure 57.a,c,e. In AgCu-12, the silver 

particles are synthesized first and copper in the second stage of combustion. This 

combustion sequence results in copper combustion on the surface of already synthesized 

silver particles and thus having higher surface composition. 
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Figure 57. SEM Micrograph of synthesized nanoparticles using different modes of  

solution combustion synthesis 

 

Figure 58 shows the TEM images of AgCu-11 and AgCu-21indicates the particles of Ag 

along with some continuous copper structure. Silver particles looks to be brighter than 

copper because of the higher atomic number (Z) of Ag (Z=47) when compared to Cu 

(Z=29). In AgCu-11 the Ag particles with average particle diameter of 10-12 nm are 

embedded over copper structure and its elemental composition is very well clear from 

Figure 58.a(ii-iv). Figure 58.b shows the TEM image of AgCu-21 where most of the silver 

is on the surface of the catalysts along with some small clusters of silver with spherical 

morphology that in the size range of 6-8 nm surrounded it.  
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Figure 58. a) TEM image (i) and its corresponding HAADF-STEM (ii-iv) elemental 

mapping of Ag,Cu and AgCu in SCS AgCu-11 catalysts b) TEM image (i) and its 

corresponding HAADF-STEM (ii-iv) elemental mapping of Ag,Cu and AgCu in SCS 

AgCu-21 catalyst. 

 

 

The XPS peaks of Ag 3d  are shown in Figure 59.a  and the fitted peaks of Ag 3d5/2 and 

Ag 3d3/2 are assigned to the binding energies of 368.4 eV and 374.4 eV, respectively, 

agreeing with the literature reported values [312,325].  Ag 3d spectra of bimetallic Ag-

Cu shown in Figure 59.b indicate a clear shifting of peaks toward lower binding energy 

(BE). Ag 3d peaks shift towards lower BE at 365.9 eV might be due to the charge transfer 

between Ag and Cu, and thus a strong interaction in Ag-Cu. The XPS of Cu(2p) spectrum 

shown in Figure 59.c indicates the presence of two peaks of Cu 2p3/2 and Cu 2p1/2 where 

the position of each peak determines the oxidation state of Cu on the surface [326,327]. 
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The monometallic Cu2O  nanoparticle show the maximum of Cu 2p3/2 at 933.6 eV and the 

sharp shake-up satellite in the region of 940.9 eV was identified to be the oxidized Cu 

surface of CuO species. Moreover, the strong Cu 2p3/2 and Cu 2p1/2 peaks of AgCu-11 and 

AgCu-21, centered at 932.8 eV and 953 eV with a splitting of 20.2 eV, are attributed to 

the presence of Cu0 on the surface along with some oxides as evident from the intense 

shake-up satellites in the range of 940 – 945 eV (Cu 2p3/2) and 958 – 965 eV. The presence 

of metallic Cu in AgCu-21 is also evident from the XRD analysis as discussed earlier. 

Based on the XPS peaks, Ag-content on the surface is higher in the sample AgCu-21 as 

compared to AgCu-11, whereas the Cu amount on the surface of both the samples are 

almost similar (AgCu-11 ≈ AgCu-21). This trend in elemental composition is consistent 

with the EDX results. 

 



  

134 

 

 

Figure 59. XPS spectrum of Ag 3d of (a) mono-metal- Ag (b) bimetal Ag-Cu; and Cu 

2p of (c) mono-metal copper (d) bimetal Ag-Cu. 

 

The O 1s spectra and their deconvoluted fittings are shown in Figure 60.a-f. The presence 

of O 1s peak at 532 eV shown in Figure 60.a is due to adsorbed oxygen on the metal 

surface [328]. A less intense shoulder peak of O 1s at 534.1 eV mostly could be due to 

physically adsorbed or trapped water [293,329]. The O 1s peak in Cu2O in Figure 60.b 

shows a sharp intense peak at 529.7 eV and two shoulder peaks at 527.1 eV and 531.6 
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eV. The lower BE peak at 527.1 eV are due to the differential charging of oxides and the 

peak at 529.7 eV corresponds to the oxygen bonded with CuO [330,331]. Also, the 

shoulder peak observed at higher BE could be correlated with the oxygen species on the 

surface of the nanostructured oxides or small impurities of adsorbed water [332,333]. The 

O 1s XPS spectrum of AgCu-11 contains lower BE peaks at 529.8 eV that is attributed to 

the presence of Cu-O bond on the surface with a decrease in peak intensity when 

compared to pure CuO 1s peak. The reason is due to the presence of Ag on the surface 

decreasing the elemental composition of Cu. The other oxygen signal at 530.9 eV is the 

evidence of the presence of adsorbed OH group or chemisorbed H2O. Another noticeable 

peak at higher BE of 538.1 eV belongs to the molecular O2 that are commonly seen in the 

range of 538-543 eV. A similar trend of O 1s XPS spectra can be seen in Figure 60.f   for 

AgCu-21. The significant similarity of AgCu-11 and AgCu-21 in structure and 

morphology has been explained in the previous sections and could be attributed to the 

order in which combustion synthesis takes place in the bimetallic systems. The surface 

elemental analysis of oxygen shows an overall trend in the sequence of Cu > AgCu-12 > 

AgCu-11 ≈ AgCu-21 > Ag, indicating the metallic nature of Ag.  

A presence of carbon on the surface is expected to be because of using a carbon-

containing fuel in combustion synthesis. A quantitative analysis on the surface shows a 

carbon content of 30.16%, 21.15%, 16.32%, 16.95%, and 17.22 % for SCS Ag, Cu, 

AgCu-11, AgCu-12 and AgCu-21, respectively. The reason for high carbon content on 

the surface of Ag is the use of high fuel ratio (φ=1) whereas a smaller fuel ratio of φ=0.5 

was used for Cu, thus decreasing the carbon-content on the surface. The different ratios 

of φ were used in order to maximize the yield of nanoparticles synthesized. Using a high 
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value of φ = 1 for Cu resulted in low Cu yield as a large quantity of Cu nanoparticles 

dispersed in air as fumes during combustion synthesis, making it difficult to collect. In 

the second wave combustion synthesis (SWCS), a decrease in the carbon content could 

be due to further combustion of carbon that formed in the initial synthesis and the 

subsequent arrangement of atoms on the surface. 

 

 

Figure 60. (a) The overall O1s spectrum of synthesized nanostructures (b-f) 

deconvolution of O 1s of individual nanoparticles of Ag, Cu, and AgCu compounds. 

 

Previous studies reported that bimetallic particles show a significantly enhanced ORR 

activity compared to monometallic ones [13,112,288,334,335]. This could be due to two 

electronic effects namely ligand effect from the charge transfer between the metals 

involved and the strain effect due to the lattice strain resulting from the difference in 
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atomic radii of two different metals. In ligand effect mechanism on two metals, there will 

be a charge transfer from the metal with low work function to those with higher work 

function. Based on this finding, it is obvious that charge transfers from Ag with a work 

function of 4.4 eV to Cu that has higher work function of 4.53 eV [336]. Due to this 

charge transfer, the xps Ag peak on AgCu-21 shifted towards the lower binding energy. 

The ORR activity in alkaline medium is depending on the d band center of the metals that 

in turn governs the adsorption and desorption strength of O2 [337]. Metals such as Ru, Rh, 

Ir and Pd with high d-band center possess low ORR activity owing to its strong adsorption 

strength of O2 that fails to desorption of the oxygen intermediates. In case of metals with 

low d-band center ( Au, Ag), the slow kinetic of O-O bond breaking limits the acitivy 

towards ORR. Therefore, raising the d-band center through adding another metal in Ag 

improves the kinetic of O-O bond breaking. The xps analysis shows the shift in the peak 

position attributed to the change in d-band center from Ag to Cu that favors the O-O bond 

breaking during ORR.  

5.5.2. Electrochemical analysis and characterization 

The electrochemical studies on all electrocatalysts synthesized via different schemes were 

performed with CV in N2-saturated 1M KOH electrolyte as shown in Figure 61.(i), and 

O2-saturated 1M KOH electrolyte as shown in Figure 61.(ii) at a scan rate of 50 mVs-1. 

The CV of Ag nanoparticles shown in Figure 61.(i) indicates 3 anodic peaks named as 

A1, A2, and A3 in the forward scan and one cathodic peak C1 in the reverse scan. 

Generally, the first anodic peak is related to the dissolution of silver as complex ion [338-

340] of AgO- as represented in equation  



  

138 

 

Ag + 2OH−  → AgO− +  H2O + e−                    

The anodic peak A2 is related to the formation of Ag2O monolayer [341] as follows: 

Ag + AgO− → Ag2O + e−                                   

 

The further nucleation corresponds to the formation of multilayer Ag2O is indicated by 

peak A3.  

In the negative scan, the cathodic peak C1 represents the electro-reduction of Ag2O to Ag 

that agrees with the reported scheme [322]. 

Ag2O + H2O +  2e−  →  2Ag +  2OH−            

The CV of Cu is characterized by 3 anodic peaks A4, A5, and A6 prior to oxygen evolution 

reaction (OER) and two cathodic peaks of C2 and C3. The electro oxidation peak at A4 is 

related to the formation of porous Cu2O layer [342] as follows: 

2Cu + 2OH− →  Cu2O +  H2O + 2e−         

The peak A5 is related to the adsorption of OH- ions on the active sites of electrode assists 

the formation of Cu(OH)2  and route to Cu2O solid phase [343] according to the reaction  

Cu + nOH− → Cu(OH)n
2−n + 2e−              

When the potential reaches to the A6 peak, Cu(OH)2  and Cu2O is converted to its 

thermodynamically stable form of CuO. In the reverse scan, the electro-reduction peak 

C2 indicates the reduction of Cu(OH)2  and CuO to Cu2O, respectively, and C3 is related 

to the further reduction of  Cu2O to Cu0.  

CVs of bimetallic Ag-Cu are the superimposition of the metallic Ag and metallic Cu. The 

peak intensity of C1 decreases in AgCu-12 (Figure 61.(i)d), when compared to AgCu-11 

and AgCu-21 and could be due to the decrease in Ag content on the surface of AgCu-12. 
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Similarly, the electrooxidation peak of silver (A7), found in bimetallic Ag-Cu, is related 

to peak A3 in Ag that shows an increase in peak current density for AgCu-21 and AgCu-

11 in comparison with AgCu-12. This is due to the increase in the presence of Ag on the 

surface. Moreover, the electrooxidation peak at A4 has its maximum intensity on AgCu-

12 confirming the increase in the content of Cu. From the visual inspection, it is clear that 

the voltammetry profile of AgCu-12 is close to Cu excluding the peaks of Ag. The Figure 

61.(ii) represents the cyclic voltammogram in O2 saturated 1M KOH at a scan rate of 50 

mV s-1. The oxidation and reduction peaks are similar to Figure 61.(i), except the electro-

reduction peak C4 that corresponds to the reduction of oxides to metallic form (reverse 

process of A1 ) that is the key process of oxygen reduction reaction (ORR). The reduction 

peak in shows a clear shift of reduction potential towards a positive direction that 

indicates the activity of the catalysts in the increasing order of Cu < Ag < AgCu-12 < 

AgCu-12 < AgCu-21. The enhanced activity of AgCu-21 could be due to the strong 

coupling of Ag and Cu as explained in XPS studies. 
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Figure 61. Cyclic voltammetry (CV) of (a) SCS Ag, (b) SCS Cu, (c) SCS AgCu-11, (d) 

SCS AgCu-11,  (e) SCS AgCu-12 in the potential range of -0.9 V to 0.4 V at the scan 

rate of 50 mVs-1; panel (i) N2 saturated (ii) O2 saturated. 

 

The RDE curves on Ag, Cu, AgCu-11, AgCu-12 and AgCu-21 are shown in Figure 62.a.  

I-V plot characterized with negative reduction current and positive evolution current 

correspond to ORR and OER respectively. These results show the bifunctional 

effectiveness of the catalysts that can work for fuel cells and battery applications. The 

diffusion limiting current is higher for AgCu-21 than other catalysts. The activity of the 

catalyst is determined by the positive shift in the halfwave potential and the onset 
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potentials. Figure 62.b presents the onset potential of all the catalysts. The positive shift 

is maximum for AgCu-21 and decreases in the order of AgCu-21>AgCu-11>AgCu-12 

>Ag>Cu. Similarly, the performance of each catalyst towards OER is shown in Figure 

62.c. The current density starts to increase rapidly for AgCu-21 due to rapid transfer of 

electrons in AgCu-21 than other catalysts. OER catalyst shows the same trend as ORR, 

except AgCu-12 has lower activity towards evolution reaction than Ag nanoparticles. The 

reason could be the presence of more Cu on the surface and low effectiveness of copper 

towards OER as compared to Ag [109]. The improvement in electrocatalytic performance 

by alloying Ag and Cu has been reported by other authors as well [23-25], with slightly 

different values for limiting currents for Ag and Cu. This difference could be due to the 

synthesis method resulting in different surface composition and presence of some excess 

carbon on the surface as discussed in the XPS analysis of the samples. The synergistic 

coupling of Cu and Ag in the bimetal accelerates charge transfer and thus the activity of 

the catalyst in OER. In AgCu-21 and AgCu-11, there is a precatalytic oxidation peak 

centered at 0.15 V and 0.193 V that may be attributed to the lower oxidation of the silver 

species occurred during the initial sweep, respectively, but AgCu-12 and Cu do not show 

such a trend of pre-oxidation. This pre-oxidation peak clearly indicates the presence of 

Cu to be the reason for a decrease in performance of AgCu-12 for OER. The 

bifunctionality of the oxygen catalyst is shown by the potential difference between ORR 

and OER and could be reduced to as low as 0.415 V for AgCu-21 making it a suitable 

candidate for metal-air batteries and fuel cells. Figure 62.d shows an increase in limiting 

current density in the disk with an increase in the rotor rotation speed. The reason behind 

this behavior is the shortened diffusion distance at high speed, which reduces the barrier 
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for the electron passage. This is reflected in both, the reduction and oxidation peaks.  

 

 

Figure 62. The electrochemical characterization of Ag-Cu catalyst a)  RDE polarization 

curve of Ag-Cu catalyst in O2 saturated 1 M KOH solution at a scan rate of 50 mVs-1 (-

0.9 V to 0.8 V vs Ag/AgCl) b) onset potential of all SCS synthesized catalysts c) OER 

curve d) LSV curves at different rotation speed. 

 

Figure 63.a represents the K-L plot at different rotor speed. The linearity of the K-L plot 

indicates the first order kinetics of the reaction towards the concentration of the dissolved 

oxygen. The number of electron transfer in the reduction reaction can be obtained from 
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the K-L plot based on Equ (3.10). The overall electron transfer is independent of the rotor 

speed but highly influenced by the catalyst loaded. The bar plot presented in Figure 63.b 

shows that the calculated electron transfer number is 3.9 for AgCu-21 favoring a 4-

electron transfer mechanism. Other values also suggest that the bimetallic Ag-Cu 

catalyzes the ORR mechanism predominantly through the 4-electron transfer process. 

The kinetic current density, calculated by taking the inverse of the Y-intercept of the 

corresponding K-L plots, is also presented as bar charts in Figure 63.b. The kinetic current 

density carries the maximum value of 14.8 mA cm-2 for AgCu-21, 12.5 mA cm-2 for 

AgCu-11, 9.01 mA cm-2 for AgCu-12, 6.23 mA cm-2 for Ag and 5.21 mA cm-2 for Cu 

respectively.   

 

 

 

 

 

Figure 63. a) Koutecky-Levich plot for different catalysts at different rotation speeds b) 
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bar plot represents the kinetic current density and the number of electron transfer in an 

overall reaction for SCS based catalysts. 

 

The rate determining step in ORR and OER is the O2 adsorption that can be identified 

using tafel plot. It analyses the fundamental electrokinetics of anodic and cathodic 

reactions on the catalysts. Tafel plot is obtained by plotting the log (Jk) versus potential 

where Jk is the kinetic current density calculated from the KL equation (8). Tafel plot 

shown in Figure 64.a represents two tafel plots at low and high potentials for all the 

catalysts. These slopes correspond to the Temkin isotherm with a lower slope value at 

lower potential and an expected high slope value at a higher potential for Langmuir 

isotherm [290]. The overall tafel slopes for each catalyst for ORR and OER are shown in 

Figure 64. Tafel plot for a) ORR, and b) OER for all catalysts in O2  saturated 1 M KOH 

aqueous solution for 1600 rpm rotation;  c) chronoamperometric response obtained at -

0.5 V in O2 saturated 1 M KOH for 8000 sec., and d) cathodic current stability of different 

catalyst at O2 saturated 1 M KOH at -0.5 V.. It is clear from Table 3. Tafel Slopes for 

ORR and OER and the Exchange Current Density Obtained from Tafel Plot., that the 

ORR tafel slope is minimum (for low potential) for AgCu-21 and maximum for Cu. The 

lower tafel slope at a lower potential and the higher slope at a higher potential for AgCu-

21 is an indication of the fast transport of electrons between electrode and catalysts. The 

intercept of the tafel plot is the logarithm of exchange current density (Jex) which indicates 

the electronic activity and electron transfer that are the key parameters to determine the 

catalytic efficiency. The exchange current density calculated for the catalyst at low and 

high over potentials [344,345] (Jex,low and Jex,high) are also presented in Table 3. AgCu-21 
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possesses the highest kinetics activity of about 1.6 times and 2.7 times more than AgCu-

11 and AgCu-12 respectively. The OER tafel plots shown in Figure 64.b for all the 

catalysts indicate the minimum slope for AgCu-21 that is 41 mV dec-1 and maximum for 

Cu that holds the slope value of 67 mV dec-1. Moreover, the smallest tafel slope for AgCu-

21 indicates its enhanced ability for water electrolysis reaction. Tafel plots examined for 

both of OER and ORR promise the better catalytic performance for AgCu-21 due to the 

strong coupling of the metals in the nano-compound.  

 

 

Figure 64. Tafel plot for a) ORR, and b) OER for all catalysts in O2  saturated 1 M KOH 

aqueous solution for 1600 rpm rotation;  c) chronoamperometric response obtained at -
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0.5 V in O2 saturated 1 M KOH for 8000 sec., and d) cathodic current stability of 

different catalyst at O2 saturated 1 M KOH at -0.5 V. 

 

 

 

 

 

Table 3. Tafel Slopes for ORR and OER and the Exchange Current Density Obtained from 

Tafel Plot. 

Catalyst ORR Tafel slope OER Tafel 

slope 

(mV dec-1) 

Exchange current 

density, (10-4 A cm-2) 

blow (mV dec-1) bhigh (mV dec-1) Jex,low Jex,high 

SCS- Ag 63 157 55 6.65 79.7×10-5 

SCS- Cu 71 135 67 1.02 12.1×10-5 

SCS-AgCu-11 57 172 48 21.58 10.1×10-3 

SCS-AgCu-12 68 163 57 12.76 12.5×10-4 

SCS-AgCu-21 51 179 42 35.4 15.1×10-3 

 

 

The long-term stability of the catalysts was evaluated using current-time 

chronoamperometric response at -0.5 V in 1M KOH aqueous solution and are presented 

in Figure 64.c-d. Due to the formation of double layer capacitance, there is a sharp 

decrease in current density for all the catalysts in Figure 64.c. Moreover, the current 

density for AgCu-21 is higher when compared to all other catalysts. In Figure 64.d, the 

AgCu-21 shows excellent stability and retention of more than 80 % of its initial current 
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even after 8000 sec.  AgCu-11 also exhibits similar stability but the AgCu-12 lost its 

initial current over 60 % and tends to decrease more and more over the time. There is a 

sharp loss of current for 100 seconds in Ag and then it has become constant for the rest 

of time. AgCu-12 and Cu show the tendency of current drop even after the period of 

analysis. Notably, AgCu-21 exhibits higher current density and superior stability for ORR 

in the entire process. The stability and activity of the catalyst over 24 hr was analyzed as 

shown in Figure 65. It is clear from Figure 65.a that the activity of the catalyst is reduced 

to 25 % of its initial value after 30000 sec., which is stable after that till 24 hr. The TEM 

analysis of the catalyst after the stability indicates that the Ag undergoes some 

degradation over the Cu surface and the amount of Ag on Cu surface is reduced. After 

30000 sec, the activity of the catalyst could be mainly from the Cu surface as the Ag 

involved in the reaction reduced. The cyclic voltammogram in Figure 65.b shows that the 

oxygen reduction peak (C4) shift to the negative direction for the CV after stability test. 

This indicates that the activity of AgCu-21 after the continuous run over 24 hr degraded 

the activity for ORR. 
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Figure 65. a) Relative current (%) of AgCu-21 for 24 hr. Inset: TEM elemental mapping 

of Ag and Cu after stability. b) cyclic voltammogram of AgCu-21 before and after 

stability. 

 

AgCu-21 is found to be the best catalyst for ORR and OER among all the tested 

electrocatalysts, and the activity of the catalysts can be expressed in the increasing order 

as Cu<Ag<AgCu-12<AgCu-11<AgCu-21.  This can be ascribed to the following reasons 

(1) a good coupling of Ag and Cu in SCS-AgCu-21, (2) synergistic effect between Ag 

and Cu atoms [38,109,283], (3) unique structure of Ag and Cu in AgCu-21, (4) metallic 

phase of Ag-Cu in AgCu-21. The AgCu-21 promotes the adsorption energy of oxygen 

molecules and enhances the activation energy of oxygen dissociation which is considered 

to be the rate determining step of ORR. Based on XPS results, the enhanced performance 

of AgCu bimetals could also be correlated with the shift in the binding energy of Ag (in 

AgCu bimetals) as AgCu-12<AgCu-11~AgCu-21. 

5.6.  Conclusion 
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Ag-Co catalysts with three different compositions were synthesized by combustion-based 

techniques. These NPs were applied for oxygen reduction and oxygen evolution reactions 

in alkaline medium. Among the three catalysts, the catalyst with high-content of Co in 

AgCo-12/C displayed better performance for electrocatalytic ORR and OER reactions. In 

general, the presence of Co-oxide on the surface of the AgCo-12/C catalyst is anticipated 

to enhance the adsorption and transport of oxygen involved in ORR reaction. The Ag 

atoms in the catalyst activate the O–O bond splitting and increase the reaction kinetics of 

ORR. All the three catalysts were found to follow the four-electron transfer mechanism 

for ORR reaction. 

Bimetallic Ag-Cu were synthesized using different modes of solution combustion 

synthesis and characterized to study the morphology and composition. The 

electrochemical activity was measured for each catalyst and compared with Ag and Cu 

nanoparticles. XRD results show the presence of metallic copper in AgCu-21 and 

SEM/EDX indicate the presence of more silver on the surface of AgCu-21 compared to 

other bimetallic AgCu catalysts. The shifting of binding energy towards left (lower 

energy) in the XPS spectrum is an evidence of strong coupling of Ag and Cu in AgCu-21 

than other three catalysts. All the catalysts synthesized were active for ORR and OER in 

the increasing order of AgCu-12<AgCu-11<AgCu-21. The AgCu-21 delivers a much 

better electrochemical performance towards ORR in terms of onset potential, limiting 

current density, kinetic current density, and stability. Also, the AgCu-21 catalyst exhibits 

a maximum kinetic current density of 14.5 mA cm-2 and at the overall ORR electron 

transfer number of approximately 3.9, indicating a four-electron transfer pathway.   

The TEM analysis of the catalyst after the stability indicates that the Ag undergoes some 
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degradation over the Cu surface and the amount of Ag on Cu surface is reduced. 

Dissolution of catalyst surface during the ORR/OER shows major challenge for long term 

stability. In Ag-based alloys, there is a selective dealloying on ORR/OER activity and it 

is required to find better catalyst that remain same as single phase even after the long-

term run.  

 

Outcome of the chapter published in Journal:  

• Ashok, A., Kumar, A., Matin, M. A., & Tarlochan, F. (2018). Synthesis of Highly 

Efficient Bifunctional Ag/Co3O4 Catalyst for Oxygen Reduction and Oxygen 

Evolution Reactions in Alkaline Medium. ACS Omega, 3(7), 7745-7756.  

• Ashok, A., Kumar, A., & Tarlochan, F. (2018). Surface Alloying in Silver-Cobalt 

through a Second Wave Solution Combustion Synthesis Technique. 

Nanomaterials, 8(8), 604.  

• Ashok, A., Kumar, A., & Tarlochan, F. “Probing the effect of combustion 

controlled surface alloying in silver and copper towards ORR and OER in alkaline 

medium” Journal of Electroanalytical Chemistry –Under Review 
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CHAPTER 6: SYNTHESIS OF PEROVSKITES USING SOLUTION 

COMBUSTION SYNTHESIS AND ITS PERFORMANCE AS AN OXYGEN 

ELECTROCATALYST. 

6.1.  Introduction 

Recently perovskite oxides received wide attention due to the flexibility and tunability of 

its physio-chemical and catalytic properties. These classes of materials possess 

exceptional thermochemical stability, ionic conductivity and electrochemical behavior to 

make them promising candidates for industrial and academic research. In this chapter we 

followed the solution combustion synthesis technique to prepare the perovskite structures 

and tested its electrochemical characteristics towards ORR and OER bifunctionality.  

6.2.  Synthesis of LaMnO3 perovskites 

Different forms of lanthanum perovskites La-M (where M=Co, Mn, Fe, Ni, Cr) were 

prepared using a single step solution combustion synthesis (SCS) technique. The 

precursors of Lanthanum nitrate (La(NO3)2·6H2O), transition metal nitrates, and glycine 

(C2H5NO2) with different fuel ratios (φ=0.5, 1, 1.5, 2.5) were measured based on the 

calculation to obtain 1.5 g of nanoparticles after the combustion reaction. The measured 

precursors where dissolved in 25 ml of de-ionized (DI) water and stirred for an hour to 

obtain homogenous solutions. The beaker containing this solution was placed over the 

hot plate heater of 300°C to evaporate the excess water and initiate the combustion 

synthesis generating desired nanopowders. The synthesized particles were hand ground 

and sieved using 75 µm sieve to obtain uniform nanoparticles of size <75 µm. The 

prepared nanoparticles were dispersed in water along with addition of carbon black to 
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ensure the electrical conductivity in the electrochemical reaction. A 30 mg of synthesized 

perovskite powder was dispersed well in 0.2 ml DI water and sonicated well for 1 hr and 

slowly 70 mg of carbon black was added into the well-dispersed solution. The prepared 

perovskite/carbon solution was heated over a hot plate at 110°C until the sample is dried, 

then ground to obtain uniform size La-M/C particles.  

6.3.  Results and discussion 

6.3.1. Catalysts characterization 

Figure 66 shows the adiabatic combustion temperature of different La-M based 

perovskites in relation to fuel ratio to metal-nitrate ratio (φ). The combustion temperature 

shows a maximum value at the stoichiometric condition (φ =1) for all the materials 

investigated. Also, at other φ values (φ = 0.5, 1.5 and 2) the combustion temperature is 

much smaller compared to the value at φ=1. Due to lower combustion temperature, it is 

anticipated that the crystallization of the synthesized powder may get affected and the 

particles could be synthesized in amorphous form [346].    
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Figure 66. Combustion temperature for different perovskites in relation to fuel ratio(ɸ). 

 

XRD pattern of the synthesized particles in Figure 67.a show the formation of crystallites 

with ABO3 structure. LaNiO3 particularly contain two different phases, LaNiO3 and NiO, 

while all other compounds are completely in the perovskite form. Figure 67.b showing 

the XRD results of LaCrO3 for different values of fuel to oxidizer ratio (φ), indicates the 

amorphous structure for φ=0.5 and φ = 2.5 as no peaks can be identified on the XRD 

pattern. However, for φ =1 and φ =1.5; well-defined crystallite peaks are observed. The 

combustion temperature obtained at φ =0.5 and φ = 2.5 does not provide enough energy 

for the crystallite structure formation. 
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Figure 67. X-ray diffraction pattern of a) LaMO3 (M=Cr,Fe,Mn,Co,Ni) at φ=1 

b)LaCrO3  

synthesized for different fuel ratio ɸ=0.5, 1, 1.5, 2.5. 

 

The morphologies of synthesized perovskite structures are shown in Figure 68. All the 

combustion synthesized nanopowder were found to be porous though it is difficult to 

identify individual particles, nonetheless large irregular shaped pores can be observed. 

The surface morphology of LaMnO3 and LaCoO3 look similar with smaller grain size 

when compared to other perovskite structures. The EDX analysis of the perovskites 

indicates the presence of atomic ratio of 1:1 for all La:M (Cr, Mn, Fe, Co, Ni) catalysts. 
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Figure 68. SEM micrograph for synthesized perovskites a) LaCrO3, b) LaMnO3, c) 

LaFeO3, d) LaCoO3, e) LaNiO3 at a fuel ratio φ= 1. (scale bar- 1 µm). 

 

The synthesized particles of LaMnO3 were also characterized using HR-TEM as shown 

in Figure 69. The high magnification image in Figure 69.b shows lighter areas indicating 

the porous nature of the nanoparticles. The pores could have been created during the 

synthesis process because of the gases generated during the combustion reaction 

[263,307,308]. The average diameter of the pores was found to be 2.5 nm, that possibly 

could be affected by the fuel to oxidizer ratio along with the total pore volume. The SAED 

pattern in Figure 69.c shows the crystalline nature of the particles where the spot pattern 

designates the crystalline structure. Each bright point in SAED pattern for the set of 

planes with dhkl measured are 0.187 nm, 0.27 nm and 0.38 nm corresponds to (200), (110) 

and (002) planes. EDX elemental mapping shown in Figure 69.d-g indicates the presence 

of La and Mn in equal ratio everywhere on the catalyst.  



  

156 

 

 

Figure 69. (a-b) HRTEM image and c) SAED pattern of LaMnO3 (d-g) EDX elemental 

mapping of La, Mn and overlapped La-Mn. 

 

The elemental analysis and mapping of LaCoO3 shown in Figure 70 represents the high 

crystalline particles with primarily square shaped structure. However, the porosity that 

was clear in LaMnO3 is not visible in LaCoO3 nanoparticles. The particle distribution 

over selected region on LaMnO3 and LaCoO3 suggests the presence of particles in the 

range between 8 -20 nm along with some level of agglomeration. The particle distribution 

profile for these two samples is represented in Figure 71. 
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Figure 70. (a-b) HRTEM image and c) SAED pattern of LaCoO3 (d-g) EDX elemental 

mapping of La, Mn and overlapped La-Mn. 

 

 

Figure 71. Particle size distribution histogram of a) LaMnO3  b) LaCoO3. 
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6.3.2. Electrochemical analysis and characterization 

Figure 72 shows the cyclic voltammogram at different potentials for all the synthesized 

catalysts to represent both the ORR and OER activities. The oxygen reduction peaks for 

La-M (Co, Fe, Cr and Ni) are nearly similar except for LaMnO3 a positive peak shifting 

to a higher potential is visible in Figure 72.(i). The CV graph in Figure 72.(ii) indicates 

the OER current density in the decreasing order of LaCoO3 > LaNiO3 > LaCrO3 > 

LaMnO3 > LaFeO3.  

 

 

Figure 72. Cyclic voltammogram for Lanthanum based perovskites in 1 M KOH 

electrolyte in the potential window (i) -0.8V to 0.4V (ii) -0.8V to 0.8V.  
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LSV shown in Figure 73.a represents the oxygen reduction and evolution reaction (ORR 

and OER) of La-based metal perovskites in the potential range of -0.9V to 0.8V. ORR in 

oxygen saturated 1 M KOH solution shown in Figure 73.b indicates maximum diffusion 

limited current density for LaMnO3 that decreases in the order of 

LaMnO3>LaCoO3>LaNiO3>LaFeO3>LaCrO3. The onset potential of LaMnO3 is -0.12 V 

and for all other catalysts the potential remains same as - 0.2 V. Figure 73.c shows the 

OER response of each catalyst in the potential window of 0.3V to 0.8V. At 0.55V the 

kinetics of LaNiO3 is sharper than LaCoO3 that diminishes by the time potential reaches 

a value of 0.68 V along with a subsequent decrease in current density at high potentials. 

The evolution current density is maximum for LaCoO3 and decreases in the following 

order as LaNiO3>LaMnO3,>LaCrO3>LaFeO3. As proposed by Suntivich et al, the reason 

for maximum activity for LaMnO3 and LaCoO3 could be the unity eg orbital filling to 

facilitate a strong adsorption of oxygenated intermediates participating in the rate 

determining steps in ORR and OER respectively. Voltammetry curve recorded on RDE 

at different speeds of rotation is shown in Figure 73.d. The current density increases with 

an increase in the rotation speed that could be due to a rapid transport of dissolved oxygen 

on the electrode surface. 
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Figure 73. (a) Linear sweep voltammetry of all  La-perovskites in O2 saturated 1 M 

KOH electrolyte at 50 mVs-1 at 1600 rpm in the potential range of -0.9V to 0.8V, (b) 

oxygen reduction reaction (ORR) current densities at 1600 rpm (-0.6V to 0.3V), (c) 

oxygen reaction (OER) current densities in the potential between 0.3V to 0.8V, d) ORR 

current density of LaMnO3 at different rotation speed (400 to 1600rpm). 

 

The KL plot shown in 
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Figure 74.a follows a linear feature implying a first-order kinetics for the oxygen 

reduction reaction. The overall electron transfer in the reduction reaction is calculated 

from the equation (4) that are marked over each plot. The number of electrons involved 

is a function of catalysts, showing maximum for LaMnO3 (3.95) followed by LaCrO3 

(3.26). Another parameter to determine the activity of the catalyst is its kinetic current 

density represented as bar plot in 

Figure 74.b. The kinetic current density decreases in the order of LaMnO3 > LaCoO3 > 
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LaNiO3 > LaFeO3 > LaCrO3 that holds corresponding values of 16.1 mAcm-2, 13. 34 

mAcm-2, 9.2 mAcm-2, 5.28 mAcm-2, and 4.8 mAcm-2 respectively.  

 

Figure 74. (a) Koutecky-Levich plot for ORR current densities at different rotation and 

represented the overall electron transfer in the reaction (b) kinetic current densities of 

La-based perovskite catalysts prepared using solution combustion synthesis. 

 

Tafel plot is used to identify the O2 adsorption rate on the catalysts for ORR and OER. 

This electro kinetic analysis can be performed by plotting the log(JK) on the x-axis and 

potential over the y-axis. The consolidated data from Tafel plot is presented in Table 4. 

Tafel plot shown in Figure 75 indicates the presence of two linear regions at low and high 

potential values corresponding to Temkin and Langmuir isotherms respectively. A good 

ORR electro catalyst is expected to have high slope at Temkin and low slope at Langmuir 

isotherm [290]. While considering this statement, it is clear from Table 4 that LaMnO3 

with slope of 53/217 mV/dec-1 at low/high potential is the best active perovskites for 
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ORR. In LaMnO3 the electron transfer between electrode and the catalyst will be faster 

when compared to other and this could be the reason for attaining more number of overall 

electron transfer to Mn coupled La perovskites. In Figure 75.b the tafel slope for OER is 

minimum for LaNiO3 (~LaCoO3) and maximum for LaFeO3. The highly active LaMnO3 

for reduction reaction (ORR) shows poor performance in the oxygen evolution reaction 

(OER).  

 

 

Figure 75. Tafel plot comparing the activity of perovskite catalyst for (a) ORR and (b) 

OER in O2 saturated 1 M KOH electrolyte at room temperature at 1600 rpm rotation 

speed. 
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Table 4.  Tafel Performance Parameters for ORR and OER 

ORR Tafel slope OER Tafel slope 

(mV dec-1) blow (mV dec-1) bhigh (mV dec-1) 

          67 160 90 

53 217 86 

62 174 92 

57 204 59 

60 192 58 

 

 

Alkalinity tolerance and catalytic activity are the main issues facing cathode 

electrocatalysts in alkaline media. Moreover, catalysts for ORR suffer from stability 

issues due to the deposition of intermediates on the surface of the catalyst during 

reduction reaction. Chronoamperometry was used to find the long-term stability of the 

catalysts at -0.5 V in O2 saturated 1 M KOH solution at room temperature and the results 

are shown in Figure 76. After 150 sec, the current density decreases sharply in both 

catalysts possibly due to the formation of double layer capacitance [347] . Figure 76.a 

show the higher current density for LaMnO3 when compared to LaCoO3 at -0.5 V 

potential. The stability of catalyst over time was measured using the relative current 

shown in Figure 76.b. In LaCoO3, 72% of the initial current drops after 2.25 hr and the 

trend looks to remain constant thereafter. There is a sharp decrease in the relative current 

for LaMnO3 indicating the relative instability of catalyst after 2.25 hr.  It is clear from the 

results that even if the current density of LaMnO3 is higher, the stability could be an issue. 
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Figure 76. (a) Chronoamperometric current-time (I-t) curve obtained at -0.5 V in O2 

saturated 1 M KOH solution (b) Relative current to measure the cathodic stability of 

LaMnO3 and LaCoO3. 

 

The electrochemical stability of LaCoO3 was further evaluated using the continuous 

cyclic run between -0.3 to 0.6 V for 2000 cycles at a scan rate of 50 mVs-1. The ORR and 

OER curves were recorded before and after cycling with a scan speed of 5 mVs-1 in O2 

saturated 1M KOH solution. After 2000 cycles, ORR curve in Figure 77.a show a 33 mV 

negative shift of half-wave potential. The OER curve for stability test shows a slight 

decay in the activity of catalyst towards evolution reaction as observed in Figure 77.b 

after 2000 cycles.  
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Figure 77.  Electrochemical stability of LaCoO3 in (a) ORR and (b) OER curves before 

and after 2000 CV cycle. 

 

The TEM analysis of the catalyst after the stability test in Figure 78 indicates the existence 

of perovskites in their original form even after the stability. The elemental mapping of 

each elements and its composition shows that perovskites are relatively stable and there 

is no phase separation of the elements with respect to time.  
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Figure 78. TEM elemental mapping of each elements in LaMnO3 after the stability run. 
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The overall performance parameters are compiled in Table 5. 

Table 5. Summary of Electrochemical Parameters of ORR and OER for Each Catalyst. 

Catalyst Eonset 

(V) 

EOER 

(V) 

ΔE 

(V) 

JL 

(mA cm-2) 

Jk 

(mA cm-2) 

nelectron 

LaCrO3 -0.2 0.61 0.81 -1.6 4.8 3.26 

LaMnO3 -0.12 0.6 0.72 -3.5 16.1 3.95 

 LaFeO3 -0.2 0.61 0.81 -1.75 5.25 3.38 

LaCoO3 -0.2 0.58 0.78 -3.2 13.34 3.92 

LaNiO3 -0.2 0.55 0.75 -2.6 9.2 3.8 

 

** all voltages (V) are with respect to Ag/AgCl.  

Eonset - Onset potential 

ΔE – ORR-OER potential difference 

JL - Limiting current density 

Jk - Kinetic current density 

nelectron - Number of electron Transfer 

 

6.4.  Conclusion 

LaMO3 (M = Cr, Mn, Fe, Co, Ni) were synthesized using solution combustion method 

for different value of fuel to metal nitrate ratios. Experimental results indicate the 

nanomaterials crystallinity can be controlled by varying the amount of fuel during 

combustion synthesis and only appropriate fuel ratio (~φ=1) generates crystalline 

structure whereas a too-low or too-high fuel content would result in an amorphous 

structure. All the synthesized perovskites were evaluated for their performance towards 
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oxygen reduction and oxygen evolution reactions. Based on LSV results, LaMnO3 shows 

the maximum current density for oxygen reduction reaction, whereas LaCoO3 shows 

better performance for oxygen evolution reaction. The ORR kinetics was improved in the 

order of LaCrO3 < LaFeO3 < LaNiO3 < LaCoO3 < LaMnO3. Chronoamperometric 

results show that at -0.5V LaMnO3 holds the maximum current density with poor 

stability. The LaCoO3 catalyst showed better stability for oxygen reduction and oxygen 

evolution reactions with continuous cycling for 2000 cycles between -0.3V to 0.6V. A 

comparison of the LaCoO3 catalytic performance before and after the stability tests 

indicates a shifting in LSV curve at the half wave potential of 33mV for oxygen reduction 

towards negative potential, and 30mV for oxygen evolution towards positive potential. 

The elemental mapping of each elements and its composition shows that perovskites are 

relatively stable and there is no phase separation of the elements with respect to time.  

 

Outcome of the chapter published in Journal:  

• Ashok, A., Kumar, A., Bhosale, R. R., Tarlochan, F. (2018). Combustion synthesis 

of bifunctional LaMO3 (M= Cr, Mn, Fe, Co, Ni) perovskites for oxygen reduction 

and oxygen evolution reaction in alkaline media. Journal of Electroanalytical 

Chemistry, 809, 22-30.  
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CHAPTER 7: EFFECT OF SALT ASSISTED COMBUSTION SYNTHESIS ON 

ELECTROCHEMICAL PERFORMANCE OF PEROVSKITES. 

7.1.  Introduction 

CS is reported to be a fast, simple and economical mode of preparing nanoparticles that 

do not require any post combustion treatment [114,226,251,263,307,348-358]. 

Nonetheless, agglomeration of nanoparticles is seen as a major drawback in these 

materials. The research so far in the direction of agglomeration and nanoparticle 

morphology control (e.g. crystalline size, surface area and pores distribution) has mainly 

focused on the choice of fuels and adjusting the fuel to oxidizer ratio [254-257], which 

resulted in only limited success. In 2006, Weifang Chen and co-workers reported an 

alternative strategy to inhibiting agglomeration in SCS by introducing a soluble inert salt 

to the redox mixture of metal nitrate and fuel [258]. While using these diluents (KCl or 

NaCl) adiabatic temperature can be decreased to reduce sinter and further growth of 

particles. The salt inclusion acts as a template to inhibit the agglomeration by binding the 

particles from growing further and breaking up the three-dimensional porous structure.  

X. Zhang et al. proposed a possible mechanism of formation of well-dispersed CoFe2O4 

nanoparticle using salt assisted solution combustion synthesis [259].  It is well established 

that the hardness, abrasive wear resistance and binding strength of the particles increase 

with a decrease in particle size and thereby influencing the other performance 

characteristics of these materials [260]. These inorganic salts are much cheaper, highly 

soluble in water, thermally stable at high temperature, unreactive to the redox mixture 

that can easily be removed from the product mixture through washing.  In this work, we 
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follow the salt assisted solution combustion synthesis for the preparation of LaMnO3 

perovskites to understand the change in physical and material characterization when 

compared to conventional SCS synthesized LaMnO3. Moreover, we investigate the 

improvement in the electrochemical properties of the salt assisted LaMnO3 perovskite 

structures towards ORR and OER applications.   

7.2.  Experimental 

Initially, the perovskites nanoparticles were prepared by mixing a measured quantity of 

metal nitrate and glycine with a known fuel to oxidizer ratio (φ). The quantity of metal 

nitrates and glycine was calculated based on a stoichiometric equation (1) reported 

elsewhere [263,307]. The precursors were dissolved in 25 ml of deionized water (DIW) 

and stirred continuously for 1 h to obtain a homogeneous mixture. Secondly, the KCl to 

metal ion ratio of 2/3 was used to measure the amount of KCl added to the solution and 

the mixture was placed on a heater at 300°C until all the water evaporates. Once the 

combustion takes place, the product was dispersed in DI water and boiled to dissolve and 

remove the extra salt residuals. This process was repeated several times to ensure no salt 

is left with the nanoparticles. The sequence of salt-assisted solution combustion synthesis 

is shown in Figure 79.  
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Figure 25  

Figure 79. Stepwise synthesis of salt-assisted solution combustion synthesis (SCS) 

7.3.  Results and discussion 

7.3.1. Catalysts characterization 

The crystalline nature of the synthesized samples is represented in XRD profile in Figure 

80. The XRD peaks of LaMnO3 and LaMnO3-SA shows some clear differences that could 

be due to the change in the crystalline structure as reported before [359]. LaMnO3 

synthesized without salt shows the peaks of rhombohedral phase in reference with JCPDS 

No. 72-0841 and no other impure phase were detected. While in presence of inert salt, 

there exists a phase transformation of crystal structure from rhombohedral to cubic phase 

as evident from JCPDS No. 75-0440. The triggering force of this phase transformation is 

attributed to the reduction in the reaction temperature after the addition of inert salt in the 

reactive system [258]. Wang et al studied the formation of cubic crystal phase {100} 

through the influence in controlling the growth of [100] to [111] ratio, in which the planes 

with faster growth rate disappear quickly[360]. In presence of salt, it is assumed that the 

O2− and La3+ ions are bounded with K+ and Cl- ions that block the growth of the 
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corresponding planes of [100]. The growth block of [100] reduced the ratio of [100] to 

[111] slowing down the growth of [100] to favor cubic crystal structure.  

 

 

Figure 80. XRD profile of LaMnO3 and LaMnO3-SA sample 

 

SEM image of the conventional solution combustion (LaMnO3) and salt assisted LaMnO3 

(LaMnO3-SA) in Figure 81 shows clear morphological differences. LaMnO3 synthesized 

using normal SCS shows continuous foam like morphology where the presence of 

individual particles was not possible to identify due to the high level of agglomeration. 

While the LaMnO3 synthesized using salt assisted solution combustion synthesis 

(LaMnO3-SA) in Figure 81.b shows the presence of individual particles with clear 

boundaries throughout the inspected area. During the synthesis, when the reactive mixture 
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exceeds the melting temperature of the salt, the molten KCl act as a solvent and promote 

the mass transfer in the reactive medium. The molten KCl covers the newly formed 

crystallite sites and thus reduces its free enthalpy that in turn reduces the agglomeration 

of particles. The salt ions act as a matrix that inhibit the formation of three-dimensional 

agglomerates and reduces the particle growth rate promoting particles dispersion. The 

EDX analysis shows the existence of La and Mn in 1:1 ratio for both cases, whereas the 

carbon content is comparatively higher in conventional SCS that is reduced to half in the 

salt assisted combustion. The presence of nitrogen is likely to come from the un-

combusted nitrate in LaMnO3, which is completely absent in LaMnO3-SA. This indicates 

that introduced salt not only reduces the level of agglomeration, also promotes the 

complete combustion of the redox mixture. A proper cleaning and filtration of the 

synthesized samples allows the complete removal of the salts from the catalyst surface 

that is indicated by a very low percentage of atomic concentration of K and Cl.  
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Figure 81. SEM micrograph of a) combustion synthesized (CS) LaMnO3 and b) salt 

assisted CS LaMnO3 (LaMnO3-SA) and their corresponding EDX elemental 

composition. 

 

The TEM images in Figure 82 display the particle size, shape and agglomeration of 

LaMnO3 in the two samples. The particle synthesized in absence of KCl in Figure 82.a 

show the three-dimensional structure with high level of agglomeration where individual 

particle analysis is not possible. The introduction of inert salts in the redox mixture breaks 

the three-dimensional network leading to an improvement in the dispersion that limits the 

growth of abnormal grain size. The particles prepared using salt assisted SCS in Figure 

82.b show less agglomerated spherical nanoparticles in the size range of 10-20 nm. 

Selected-area electron diffraction (SAED) in inset Figure 82.b(i) shows spot pattern that 

confirm the existence of single crystalline LaMnO3. The double lattice fringes in inset 

Figure 82.b(ii) contribute due to Mn3+ and Mn4+ species as previously reported [361].  
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Figure 82. TEM image of LaMnO3 synthesized using a) simple solution combustion 

synthesis b) salt-assisted solution combustion synthesis (LaMnO3-SA). Inset of (b) 

shows i) selected area electron diffusion (SAED) pattern and ii) HRTEM image of 

LaMnO3-SA particle. 

 

The elemental distribution in the catalyst can be verified using HRTEM-STEM analysis 

coupled with EDS elemental mapping as in Figure 83. The elemental mapping Figure 

83.b-f corresponding to the area on Figure 83.a.  La, Mn and O was incorporated 

homogeneously throughout the entire structure. While overlapping the La and Mn (Figure 

83.e), the entire color changes from red/yellow to orange color. In addition, with the 

overlapping of oxygen (Figure 83.f) the color changed again indicating a perfect matching 

of La, Mn and O over the entire selected area of LaMnO3-SA.  
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Figure 83. a) HAADF- STEM phase mapping of LaMnO3-SA particles. EDS elemental 

mapping of b) La c) Mn d) O e) La-Mn and f) La-Mn-O performed on the area of the 

selected region of STEM image. 

 

 

The XPS profile of the synthesized samples is shown in Figure 84. The deconvoluted La-

3d spectrum in Figure 84.a shows four distinct peaks with two peaks at 834.3±0.5 eV and 

851.1±0.4 eV with spin orbitals splitting of 16.8 eV corresponding to 3d5/2 and 3d3/2 

respectively. The other two peaks are the shake up lines pointed at higher binding energies 

(838.1 eV and 855.188 eV) that are related to La3+ ions in the oxide form [362,363]. The 

XPS deconvolution spectrum of manganese in LaMnO3 shows two asymmetric doublets 

of Mn 2p3/2 and Mn 2p1/2 centered at 641.7±0.5 eV and 633.58 eV with spin orbital 

splitting 11.6 eV. The peak fitting of Mn 2p3/2 shows the presence of two peaks at 641.9 
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±0.4 eV and 645 ± 0.2 eV that indicate the existence of Mn in mixed valence state. From 

literatures, it was found that the peak at 641.9 eV is due to Mn3+ and the peak at 645.15 

eV is attributed to Mn4+ state [364,365]. The ratio of Mn4+ / Mn3+ is higher for LaMnO3-

SA than that of LaMnO3 perovskites. This means a better surface enrichment of Mn4+ 

species in LaMnO3-SA than the La-Mn perovskite synthesized using conventional SCS 

method. Larger amount of Mn4+ ions are related to a greater accessibility of oxygen that 

can act as a promising candidate for oxygen electrocatalysis [366].  

 

 

Figure 84. XPS spectrum for (a-b) La 3d (c-d) Mn 2p (e-f) O 1s of LaMnO3 and 

LaMnO3-SA respectively. 

 

The deconvoluted O 1s spectrum (Figure 84.e-f) shows three characteristic peaks OL, Ov 

and Oc centered at 529.6±0.7 eV, 531.6±0.2 eV and 532.5±0.3 eV respectively. The peak 
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OL corresponds to lattice oxygen species and is related to La-O and Mn-O bonding on the 

perovskite surface. Ov represents the surface oxygen species such as O- and OH- groups 

attributed to surface defect sites or hydroxyl group. The peak corresponds to Oc represents 

the existence of moisture/oxygen from the surrounded air (molecular H2O). The relative 

percentage of surface oxygen can be calculated based on Ov/(Ov+Oc), which gives a 

higher value for LaMnO3-SA than LaMnO3. These results are consistent with the Mn4+ / 

Mn3+ ratio described earlier, where LaMnO3-SA contain more surface oxygen than 

LaMnO3.The presence of more oxygen defects in perovskites based on salt assisted 

combustion synthesis have highest energy state that provide more active sites for ORR 

and OER performance [367,368].  

The textural properties such as specific surface area, pore volume and pore size of the 

synthesized catalyst were measured using nitrogen adsorption/desorption experiments. 

LaMnO3-SA shows higher BET surface area of 12.3 m2/g, where LaMnO3 shows 6.089 

m2/g that is almost half of the area of LaMnO3-SA. This increment in surface area 

correlates well with the reduction in the level of agglomeration using salt assisted 

synthesis. The pore volume and average pore size of LaMnO3 was measured to be 0.003 

cm3/g and 50.6 nm and that for LaMnO3-SA is 0.055 cm3/g and 24.5 nm respectively. 

Moreover, these properties show an improvement in the surface characterization of the 

salt assisted synthesis that could help in enhancing the electrocatalytic activity of the 

perovskites. The increase in pore size and pore volume makes more available sites for the 

absorption of the oxygen species for reduction reaction. 

7.3.2. Electrochemical analysis and characterization 



  

180 

 

The bifunctional electrocatalytic performance of LaMnO3 and LaMnO3-SA as oxygen 

electrode was tested using cyclic voltammogram (CV) and linear sweep voltammetry 

(LSV) in O2 saturated 1M KOH electrolyte. Cyclic voltammogram (CV) of the catalyst 

at a scan rate of 50 mVs-1 saturated with N2 and O2 electrolyte is shown in Figure 85.a. 

Both the catalyst shows a well-defined prominent cathodic peak in O2 purged electrolyte 

which belongs to oxygen reduction reaction (ORR) that was not detected in N2 saturated 

solution (blue dotted line). The peak cathodic potential of LaMnO3 is at -0.24 V and for 

LaMnO3-SA the peak potential shifts to positive direction at -0.2 V under same condition. 

This positive shift of LaMnO3-SA indicates a better interaction of perovskites synthesized 

after salt assisted mode and the adsorbed oxygenated species that are involved in the 

electrocatalytic reactions. ORR performance of the catalyst was further investigated using 

linear sweep voltammetry (LSV) in O2 saturated electrolyte at a scan rate of 5 mVs-1 in 

the potential window of -0.8 V to +0.8 V at 1600 rpm as shown in Figure 85.b. LaMnO3-

SA shows higher limiting current density when compared to LaMnO3. Moreover, the 

control in particle morphology and agglomeration improves the electrocatalytic 

performance of LaMnO3 with a positive shift in half wave potential and onset potential 

as shown in inset figure. The half wave potential shifts a 75 mV towards right and 20 mV 

shift in the onset potential for LaMnO3-SA when compared to LaMnO3. The OER in the 

potential range of 0.2 V to 0.8 V shows an improved current density and faster OER 

response for LaMnO3-SA compared to LaMnO3. The faster anodic current response 

indicates the shorter potential difference between Eonset and potential at which anodic 

current starts to increase and that is indicated as ΔE. The prominent reversible oxygen 

electrode shows smaller ΔE value and higher bifunctionality of the catalyst. At 0.6 V, the 
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current density of LaMnO3 is 2.06 mAcm-1 and for LaMnO3-SA the value reach to 7.1 

mAcm-1 at same potential that is more than thrice the value of LaMnO3. The other two 

electrochemical parameter that need to be considered are the kinetic current density and 

the mass activity that govern the superior quality of the oxygen electrode as shown in 

Figure 85.c. The kinetic current density (Jk) calculated at -0.25 V based on Equ (2.8) is 

found to be ~ 3 times higher and the mass activity at the same potential is almost twice in 

LaMnO3-SA electrode compared to LaMnO3. The polarization curve of LaMnO3-SA at 

different rotor speed (1600 rpm to 400 rpm) in Figure 85.d shows an increase in current 

density with increase in rotor speed and could be due to the rapid transport of dissolved 

oxygen between the electrolyte- catalyst interfaces. The inset of Figure 85.d shows KL 

plot with linear feature indicating the first order kinetics of oxygen reduction reaction. 

The number of electrons exchanged per oxygen molecule in the ORR is calculated from 

the KL equation (8) and found to be 3.98 that confirms a direct four-electron transfer 

mechanism where the oxygen is directly converted to water molecule on LaMnO3-SA 

electrode 
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Figure 85. a) Cyclic voltammogram of LaMnO3 and LaMnO3-SA electrodes in O2 and 

N2 saturated 1 M KOH electrolyte at a scan rate of 50 mVs-1 b) Linear sweep 

voltammogram (LSV) of electrodes at a scan rate of 5 mVs-1 in the potential window of 

-0.8 V to +0.8 V at 1600 rpm that shows the ORR and OER performance. Inset. Bar 

plot comparison of half wave potential (E1/2) and onset potential (Eonset) of both catalyst 

c) comparative analysis of kinetic current density and mass activity of the perovskite 

samples at 0.25 V. d) LSV of LaMnO3-SA at different rotator speed (1600 rpm to 400 

rpm). Inset. K-L plot of LaMnO3-SA for ORR current densities at different rotation and 

the overall electron transfer in the reaction. 
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 In a fuel cell application, the direct four electron transfer is preferred to the two-step 

electron transfer process. The ORR pathway (direct four electrons or two electron 

transfer) can be further evaluated using a rotating ring disc electrode (RRDE) 

measurement by monitoring the H2O
- yield and number of electron transfer during ORR. 

The polarization curve in Figure 86.a exhibits higher disc current (ID) and lower ring 

current (IR) for LaMnO3-SA when compared to LaMnO3. The number of electron transfer 

and peroxide species formation are calculated and plotted in Figure 86.b to indicate that 

the formation of water molecule from oxygen reduction is through a four-electron 

transfer, in well agreement with the KL plot discussed earlier. Notably, the generation 

rate of peroxide species is lower in LaMnO3-SA which indicates the faster ORR reaction 

rate through direct electron transfer that would speed up the overall reaction.  

 

 

 

Figure 86. a) RRDE disc current (ID) and ring current (IR-multiplied by 10) of LaMnO3 

and LaMnO3-SA at 1600 rpm in O2 saturated 1 M electrolyte b) the calculated overall 
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electron transfer and hydrogen peroxide yield (%). 

 

The kinetics and mechanism of ORR and OER reactions can be further investigated using 

Tafel plots obtained from the LSV curve and their corresponding kinetically controlled 

region. The Tafel plot can be obtained by plotting log (JK) on the x-axis and potential over 

the y-axis. The Tafel plot obtained for LaMnO3 and LaMnO3-SA in Figure 87.a show two 

clear linear regions: one at lower potential and other at higher potential that are 

corresponding to Temkin and Langmuir isotherms respectively. It is evident that the 

excellent ORR activity is obtained with low slope at higher potential and higher value of 

slope at lower potential. While considering this perspective, LaMnO3-SA with slope 

values of 51/245 mVdec-1 shows faster ORR kinetics than that of LaMnO3 with values 

53/217 mVdec-1. Similarly, the current response of OER is plotted in Figure 87.b 

displaying the higher slope for LaMnO3-SA (97 mVdec-1) compared to LaMnO3 (114 

mVdec-1). These results suggest a better kinetics for salt assisted perovskite structure for 

ORR and OER electrochemical reactions.  
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Figure 87. Tafel plot for a) ORR and b) OER measured from LSV that shows the 

activity comparison of LaMnO3 and LaMnO3-SA in 1 M KOH saturated with O2 with a 

rotor speed of 1600 rpm and scan rate 5 mVs-1. 

 

Based on the above results and discussion, salt assisted mode of synthesis renders 

improvement in the bifunctionality of oxygen electrocatalyst through modifications in 

physical, chemical and electronic structure of the perovskites. The material 

characterizations show notable changes in the phase transformation from rhombohedral 

structure to cubic phase, reduction in the agglomeration and provide well dispersion of 

the particles. Zhou and Jaka, studied the phase transformation of LaNiO3 perovskite 

during heat treatment and its influence into ORR/OER activity in alkaline medium [369].   

This enhancement in the activity could originate from two factors; bond length and crystal 

structure. The dramatic improvement in the activity of cubic structure towards ORR and 

OER can be correlated to Fermi surface in the perovskite. Cubic structure has large fermi 

surface with hole inside and for orthorhombic large fermi surface combine into small 
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fermi surfaces of electrons and holes. The structure with larger number of holes exhibits 

greater conductivity that reduced the internal structural resistance [370]. In liquid phase 

heterogeneous catalysis, the electron transfer from the adsorbent bonding level to the 

conduction band of the solid material (catalyst) is considered as the rate determining 

factor. Owing to the higher electronic conductivity in cubic perovskite, there is an ease in 

the charge transfer that in turn enhances performance for ORR and OER in alkaline 

medium. The ORR/OER reaction likely to take place on the B site transition metal ions 

of the perovskites [185,371]. Hence the bond length of metal-oxygen bond is highly 

significant. In terms of bond length, the activity can be correlated as; cubic structure has 

comparatively higher Mn-O bond length when compared to rhombohedral one. If the 

bond length is too small, oxygen will strongly be bonded and the rate determining step is 

the removal of surface oxide and its intermediates.  Moreover, the structure with very 

large bond length, the reaction is limited with the transfer of charge carriers (electron and 

proton) to the adsorbed O2 [142]. The cubic structures with moderate Mn-O bond length 

that mediates the adsorption and removal of oxygenated species and its intermediates. 

This signifies the bifunctional activity of LaMnO3 synthesized using salt assisted solution 

combustion synthesis.  

Furthermore, on basis of the oxidation state of the transition metal, the advancement in 

the catalytic activity can be explained. The XPS profile of the synthesized samples shows 

the presence of high ratio of Mn4+ / Mn3+ for LaMnO3-SA than that of LaMnO3 

perovskites. The adsorption and desorption of oxygen molecule governs the kinetics of 

ORR. If more oxygen vacancies are available, more active sites for oxygen adsorption is 

possible.  The existence of Mn with unstable higher oxidation state (+4) on the surface 
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promote the filling of the oxygen vacancies with the dissolved oxygen from electrolyte. 

The formation of oxygen vacancies modifies the metal- oxygen bonding. During ORR on 

metal-oxide surface in presence of alkaline medium, there exist mainly four reactions 

including hydrogen replacement, oxide and peroxide formation and regeneration of 

hydroxide. The oxygen thus filled over the oxygen vacancies are found to be loosely 

bounded when compared to the lattice oxygen and resulted with easy desorption after the 

reaction [366]. So, an increase in the oxygen vacancies and the presence of higher Mn4+ 

/ Mn3+  ratio on the structures of LaMnO3-SA are more prominent, and facilitate the 

adsorption of oxygenated species, rendering more active sites for the electrochemical 

performance. An increase in the oxygen vacancies on the structures of LaMnO3-SA are 

more prominent, and facilitate the adsorption of oxygenated species, rendering more 

active sites for the electrochemical performance.   

7.4.  Conclusion 

Well-dispersed LaMnO3 nanoparticles were successfully synthesized using a salt-assisted 

solution combustion synthesis (LaMnO3-SA) that shows a cubic LaMnO3 structure as 

compared to rhombohedral crystal structure obtained using conventional SCS. An 

improvement in surface area, pore volume and pore size are seen after the incorporation 

of the salt in the solution combustion synthesis. TEM results indicate that the presence of 

salt during combustion breaks down the three-dimensional crystalline structure and 

improves the dispersion of the particles during synthesis. In addition, an improvement in 

the oxygen vacancies is also observed on the surface that in turn facilitates the electronic 

conductivity to enhance the catalytic activity for ORR and OER. Based on the CV and 

LSV analysis, it is clear that the electrochemical properties of LaMnO3-SA perovskite 



  

188 

 

exhibit outstanding performance owing to the aforementioned improvement in the 

structure.  
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CHAPTER 8: CONCLUSION AND FUTURE WORK 

In this study, we focused on the synthesis of highly active, durable, cost effective 

bifunctional electrocatalyst for ORR/OER in alkaline medium using solution combustion 

synthesis based techniques. First, we studied the effect of different fuel ratio (φ = 0.5, 1, 

and 1.75) in SCS on the structural and physio-chemical properties of the synthesized 

cobalt nanoparticle and evaluated their electrocatalytic performance for ORR/OER. We 

found that increasing the fuel ratio (φ value) from 0.5 to 1.75 increases the crystallite size 

and lowers the surface area. The fuel rich condition provides a reducing atmosphere 

limiting further oxidation of synthesized nanoparticles but produces more carbon 

residue on the catalyst surface compared to fuel lean conditions. The LSV results 

obtained between a potential of −1.2 V and 0.75 V shows all the three cobalt oxide 

catalysts to have bifunctional properties of being active for both  ORR and OER, with Co 

synthesized at lower fuel ratio (φ = 0.5) displaying the highest current density. The onset 

potential for Co (φ = 0.5) is more positive than Co (φ = 1) and Co (φ = 1.75). The kinetic 

current density for Co (φ = 0.5) is found to be highest and decreases with an increase in 

fuel ratio. The OER current starts at same potential for all the catalysts with a maximum 

density for Co (φ = 0.5) and gradually decreases with an increase in fuel ratio. The fuel 

lean condition (φ = 0.5) is associated with the synthesis of smaller nanoparticles 

with higher surface area, possibly being the dominant factor in improving the activity for 

ORR and OER reaction. 

Later we synthesized bimetallic Ag-M (M=Cu and Co) using three different mode of 

combustion synthesis and studied the influence of each mode on the electrochemical 

https://www.sciencedirect.com/topics/engineering/fuel-ratio
https://www.sciencedirect.com/topics/chemistry/crystallite
https://www.sciencedirect.com/topics/engineering/rich-condition
https://www.sciencedirect.com/topics/engineering/carbon-residue
https://www.sciencedirect.com/topics/engineering/carbon-residue
https://www.sciencedirect.com/topics/chemistry/catalyst
https://www.sciencedirect.com/topics/chemistry/current-density
https://www.sciencedirect.com/topics/engineering/higher-surface-area
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property. In this section we introduced, second wave solution combustion (SWSC) to 

synthesize bimetallic nanoparticle by changing the sequence in which each metal 

precursor is added. A better degree of mixing and alloying through the SWCS was 

evident. Based on the discussions, it is speculated that the sequence of combustion has a 

great role in controlling the surface/bulk elemental composition and structural 

characteristics of the synthesized nanopowder. SWCS reduces the amount of carbon 

content, as compared to the single-stage combustion; in addition, it is followed by a 

rearrangement of atoms. The nanoparticles synthesized using this modified technique can 

be used as bifunctional catalysts, owing to the enhanced surface phase distribution and 

structural properties. However, the catalysts were not durable as dealloying of Ag was 

noticed after certain stability analysis. Therefore, it is identified that in order to have long-

term stability, it is essential to have a catalyst with uniform composition that does not 

undergo any dealloying or elemental rearrangement under the influence of sustained 

electrocatalytic operations. A quick literature survey indicates that special mixed metal 

oxides, such as perovskites, though difficult to synthesize are known for their stability 

and tunable properties, providing us a suitable system to investigate further for ORR and 

OER. 

Consequently, lanthanum perovskites with LaMO3 structure were synthesized with 

different fuel ratio and various transition metals (M= Cr, Mn, Fe, Co, Ni) on the B sites. 

The synthesis conditions were found to have a significant effect on the nature of 

the nanoparticles and can be tuned to synthesize amorphous or crystalline mixed metal 

oxides. The perovskites showed exceptional performance for  ORR and OER in alkaline 

medium, where LaMnO3 was found to be the most active for ORR, and LaCoO3 for OER. 

https://www.sciencedirect.com/topics/chemistry/nanoparticle
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The ORR kinetics was improved in the order of 

LaCrO3 < LaFeO3 < LaNiO3 < LaCoO3 < LaMnO3. The onset potential of LaMnO3 is 

− 0.12 V, and for other La-transition metals is nearly − 0.2 V. A detailed analysis based 

on Koutechy-Levich plots obtained from rotating disk electrode shows a higher number 

of electron transfer for LaMnO3 catalyst and the least for LaCrO3, whereas the stability 

results indicate the LaCoO3 to be more stable as compared to LaMnO3. The TEM 

elemental phase analysis of LaMnO3 after the stability test indicates the existence of 

single phase containing LaMnO3 composition throughout the structure without any phase 

segregation, which demonstrates the development of highly durable perovskite structures 

using solution combustion synthesis as efficient bi-functional catalysts in alkaline 

medium.  

At last, we followed a salt assisted SCS route for synthesizing LaMnO3 perovskites 

(LaMnO3-SA) with lower level of agglomeration and investigated its application as 

oxygen electrocatalyst. Through the effective incorporation of a KCl salt in the redox 

combustion mixture, the surface area of the particle doubled along with an improved pore 

size and pore volume distribution. The surface analysis by x-ray photoelectron 

spectroscopy indicates the formation of more surface oxygen defects with the 

introduction of the inert salt that helps the absorption of oxygenated species during 

electrochemical process. Remarkably, LaMnO3-SA shows superior characteristics in 

terms of limiting current density, onset potential and half wave potential presentation 

enhanced bifunctionality towards ORR and OER. The mass activity of LaMnO3-SA is 

almost double and kinetic current density shows thrice the value at -0.25 V in comparison 

to the traditional SCS LaMnO3. This work demonstrates that active sites accessible for 
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oxygen electrocatalysis in SCS can be enhanced through the introduction of an inert salt 

during the synthesis. The bifunctional ORR/OER electrochemical performance with high 

activity and durability of the perovskites make them ideal candidates in the area of metal 

air batteries and fuel cells.  

Major contribution and novelties of this study are as follows: 

 The comparison of the metal alloy for example Ag-M (M= Cu, Co)  and metal oxide 

structure (ABO3) in terms of durability and phase dealloying in ORR/OER 

electrochemical reaction is reported for the first time.  

The effect of synthesis sequence in solution combustion synthesis on the surface 

composition and final structure of the nano-compounds, and their impact on 

electrocatalytic ORR/OER performance have been investigated for first time in this work. 

This study significantly helps in the design of improved electrocatalysts for ORR and 

OER and explains the influence of synthesis parameters on the bifunctional 

electrochemical behavior.  

The structural changes associated with the salt assisted combustion synthesis was studied 

using various characterization tools such as XRD, SEM, HR-TEM, EXD and XPS, which 

was helpful in understanding the structural changes and identifying active sites involved 

in ORR/OER catalysis.   

In the light of the development so far, the following points are suggested for further 

enhancing the ORR/OER performance: 

1. To incorporate graphene or any other highly conductive material with the 

synthesized catalysts to enhance the bifunctional performance of the catalyst.  
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2. A DFT calculation to understand the surface energy and formation of lattice oxygen 

vacancies on the synthesized catalysts would provide valuable information that can 

be used to further enhance the catalysts surface by fine-tuning the synthesis 

parameters to expose more active sites on the surface.  

3. More detailed understanding of SWCS is required to identify the pathway of 

surface alloying process.  

4. A scale-up and economic evaluation can be performed to understand the feasibility 

of commercial applications.    

 

PUBLICATIONS 

 

• Ashok, A., Kumar, A., Bhosale, R. R., Almomani, F., Saad, M. A. H. S., Suslov, 

S., & Tarlochan, F. (2019). Influence of fuel ratio on the performance of 

combustion synthesized bifunctional cobalt oxide catalysts for fuel cell application. 

International Journal of Hydrogen Energy, 44(1), 436-445.  

•  Ashok, A., Kumar, A., Matin, M. A., & Tarlochan, F. (2018). Synthesis of Highly 

Efficient Bifunctional Ag/Co3O4 Catalyst for Oxygen Reduction and Oxygen 

Evolution Reactions in Alkaline Medium. ACS Omega, 3(7), 7745-7756.  

• Ashok, A., Kumar, A., & Tarlochan, F. (2018). Surface Alloying in Silver-Cobalt 

through a Second Wave Solution Combustion Synthesis Technique. 

Nanomaterials, 8(8), 604.  

• Ashok, A., Kumar, A., & Tarlochan, F. “Probing the effect of combustion-



  

194 

 

controlled surface alloying in silver and copper towards ORR and OER in alkaline 

medium” Journal of Electroanalytical Chemistry –Accepted 

• Ashok, A., Kumar, A., Bhosale, R. R., Tarlochan, F. (2018). Combustion synthesis 

of bifunctional LaMO3 (M= Cr, Mn, Fe, Co, Ni) perovskites for oxygen reduction 

and oxygen evolution reaction in alkaline media. Journal of Electroanalytical 

Chemistry, 809, 22-30.  

• Ashok, A., Kumar, A., & Tarlochan, F. Improvement on the electrochemical 

performance of LaMnO3 as oxygen electrocatalyst through salt assisted solution 

combustion synthesis- International Journal of Hydrogen Energy –Under Review 

 

 

REFERENCES 

 

[1] A. Haines, A.J. McMichael, K.R. Smith, I. Roberts, J. Woodcock, A. Markandya, 

B.G. Armstrong, D. Campbell-Lendrum, A.D. Dangour, M. Davies, Public health 

benefits of strategies to reduce greenhouse-gas emissions: overview and implications for 

policy makers, The Lancet. 374 (2009) 2104-2114. 

[2] M.I. Hoffert, K. Caldeira, G. Benford, D.R. Criswell, C. Green, H. Herzog, A.K. Jain, 

H.S. Kheshgi, K.S. Lackner, J.S. Lewis, H.D. Lightfoot, W. Manheimer, J.C. Mankins, 

M.E. Mauel, L.J. Perkins, M.E. Schlesinger, T. Volk, T.M. Wigley, Advanced technology 

paths to global climate stability: energy for a greenhouse planet, Science. 298 (2002) 981-

987. 



  

195 

 

[3] J.G. Olivier, J.A. Peters, G. Janssens-Maenhout, Trends in global CO2 emissions 2012 

report, (2012). 

[4] A.E. Outlook, with Projections to 2050, Energy Information Administration (EIA). 

(2017). 

[5] D. Larcher, J. Tarascon, Towards greener and more sustainable batteries for electrical 

energy storage, Nature chemistry. 7 (2015) 19. 

[6] F. Yilmaz, M.T. Balta, R. Selbaş, A review of solar based hydrogen production 

methods, Renewable and Sustainable Energy Reviews. 56 (2016) 171-178. 

[7] L. Carrette, K. Friedrich, U. Stimming, Fuel cells–fundamentals and applications, Fuel 

cells. 1 (2001) 5-39. 

[8] J. Salminen, D. Steingart, T. Kallio, Fuel cells and batteries, in: Anonymous Future 

Energy, Elsevier, 2008, pp. 259-276. 

[9] C.K. Dyer, Fuel cells for portable applications, J. Power Sources. 106 (2002) 31-34. 

[10] S. Park, Y. Shao, J. Liu, Y. Wang, Oxygen electrocatalysts for water electrolyzers 

and reversible fuel cells: status and perspective, Energy & Environmental Science. 5 

(2012) 9331-9344. 

[11] Y. Gorlin, T.F. Jaramillo, A bifunctional nonprecious metal catalyst for oxygen 

reduction and water oxidation, J. Am. Chem. Soc. 132 (2010) 13612-13614. 

[12] N. Sasikala, K. Ramya, K. Dhathathreyan, Bifunctional electrocatalyst for 

oxygen/air electrodes, Energy Conversion and Management. 77 (2014) 545-549. 

[13] S.A. Park, E.K. Lee, H. Song, Y.T. Kim, Bifunctional enhancement of oxygen 

reduction reaction activity on Ag catalysts due to water activation on LaMnO3 supports 

in alkaline media, Sci. Rep. 5 (2015) 13552. 



  

196 

 

[14] L. Jörissen, Bifunctional oxygen/air electrodes, J. Power Sources. 155 (2006) 23-32. 

[15] V. Nikolova, P. Iliev, K. Petrov, T. Vitanov, E. Zhecheva, R. Stoyanova, I. Valov, 

D. Stoychev, Electrocatalysts for bifunctional oxygen/air electrodes, J. Power Sources. 

185 (2008) 727-733. 

[16] S.M. Haile, Fuel cell materials and components, Acta Materialia. 51 (2003) 5981-

6000. 

[17] J. Lee, B. Jeong, J.D. Ocon, Oxygen electrocatalysis in chemical energy conversion 

and storage technologies, Current Applied Physics. 13 (2013) 309-321. 

[18] R.R. Adzic, J. Zhang, K. Sasaki, M.B. Vukmirovic, M. Shao, J. Wang, A.U. Nilekar, 

M. Mavrikakis, J. Valerio, F. Uribe, Platinum monolayer fuel cell electrocatalysts, Topics 

in Catalysis. 46 (2007) 249-262. 

[19] Y. Lu, Z. Xu, H.A. Gasteiger, S. Chen, K. Hamad-Schifferli, Y. Shao-Horn, 

Platinum− gold nanoparticles: a highly active bifunctional electrocatalyst for 

rechargeable lithium− air batteries, J. Am. Chem. Soc. 132 (2010) 12170-12171. 

[20] V. Pfeifer, T.E. Jones, S. Wrabetz, C. Massué, J.J.V. Vélez, R. Arrigo, M. Scherzer, 

S. Piccinin, M. Hävecker, A. Knop-Gericke, Reactive oxygen species in iridium-based 

OER catalysts, Chemical science. 7 (2016) 6791-6795. 

[21] T. Reier, M. Oezaslan, P. Strasser, Electrocatalytic oxygen evolution reaction (OER) 

on Ru, Ir, and Pt catalysts: a comparative study of nanoparticles and bulk materials, ACS 

Catalysis. 2 (2012) 1765-1772. 

[22] H.G. Sanchez Casalongue, M.L. Ng, S. Kaya, D. Friebel, H. Ogasawara, A. Nilsson, 

In situ observation of surface species on iridium oxide nanoparticles during the oxygen 

evolution reaction, Angewandte Chemie International Edition. 53 (2014) 7169-7172. 



  

197 

 

[23] J. Zhang, K. Sasaki, E. Sutter, R.R. Adzic, Stabilization of platinum oxygen-

reduction electrocatalysts using gold clusters, Science. 315 (2007) 220-222. 

[24] C. Sealy, The problem with platinum, Materials Today. 11 (2008) 65-68. 

[25] E. Antolini, Iridium as catalyst and cocatalyst for oxygen evolution/reduction in 

acidic polymer electrolyte membrane electrolyzers and fuel cells, ACS Catalysis. 4 

(2014) 1426-1440. 

[26] Y. Gorlin, T.F. Jaramillo, A bifunctional nonprecious metal catalyst for oxygen 

reduction and water oxidation, J. Am. Chem. Soc. 132 (2010) 13612-13614. 

[27] Y. Bing, H. Liu, L. Zhang, D. Ghosh, J. Zhang, Nanostructured Pt-alloy 

electrocatalysts for PEM fuel cell oxygen reduction reaction, Chem. Soc. Rev. 39 (2010) 

2184-2202. 

[28] M. Jahan, Z. Liu, K.P. Loh, A Graphene oxide and copper‐centered metal organic 

framework composite as a tri‐functional catalyst for HER, OER, and ORR, Advanced 

Functional Materials. 23 (2013) 5363-5372. 

[29] T. Toda, H. Igarashi, H. Uchida, M. Watanabe, Enhancement of the electroreduction 

of oxygen on Pt alloys with Fe, Ni, and Co, J. Electrochem. Soc. 146 (1999) 3750-3756. 

[30] J. Suntivich, K.J. May, H.A. Gasteiger, J.B. Goodenough, Y. Shao-Horn, A 

perovskite oxide optimized for oxygen evolution catalysis from molecular orbital 

principles, Science. 334 (2011) 1383-1385. 

[31] M. Pena, J. Fierro, Chemical structures and performance of perovskite oxides, Chem. 

Rev. 101 (2001) 1981-2018. 

[32] J. Suntivich, H.A. Gasteiger, N. Yabuuchi, H. Nakanishi, J.B. Goodenough, Y. Shao-

Horn, Design principles for oxygen-reduction activity on perovskite oxide catalysts for 



  

198 

 

fuel cells and metal–air batteries, Nature chemistry. 3 (2011) 546-550. 

[33] W.S. Kim, G. Anoop, H.J. Lee, S.S. Lee, J.H. Kwak, H.J. Lee, J.Y. Jo, Facile 

synthesis of perovskite LaMnO3-δ nanoparticles for the oxygen reduction reaction, 

Journal of Catalysis. 344 (2016) 578-582. 

[34] F. Lu, J. Sui, J. Su, C. Jin, M. Shen, R. Yang, Hollow spherical La0.8Sr0.2MnO3 

perovskite oxide with enhanced catalytic activities for the oxygen reduction reaction, J. 

Power Sources. 271 (2014) 55-59. 

[35] F.G. Baddour, L. Snowden-Swan, J.D. Super, K.M. Van Allsburg, Estimating 

Precommercial Heterogeneous Catalyst Price: A Simple Step-Based Method, Organic 

Process Research & Development. 22 (2018) 1599-1605. 

[36] D.U. Lee, P. Xu, Z.P. Cano, A.G. Kashkooli, M.G. Park, Z. Chen, Recent progress 

and perspectives on bi-functional oxygen electrocatalysts for advanced rechargeable 

metal–air batteries, Journal of Materials Chemistry A. 4 (2016) 7107-7134. 

[37] T. Takeguchi, T. Yamanaka, H. Takahashi, H. Watanabe, T. Kuroki, H. Nakanishi, 

Y. Orikasa, Y. Uchimoto, H. Takano, N. Ohguri, Layered perovskite oxide: a reversible 

air electrode for oxygen evolution/reduction in rechargeable metal-air batteries, J. Am. 

Chem. Soc. 135 (2013) 11125-11130. 

[38] X. Wu, F. Chen, N. Zhang, A. Qaseem, R.L. Johnston, A silver-copper metallic glass 

electrocatalyst with high activity and stability comparable to Pt/C for zinc-air batteries, 

Journal of Materials Chemistry A. 4 (2016) 3527-3537. 

[39] Y. Li, M. Gong, Y. Liang, J. Feng, J. Kim, H. Wang, G. Hong, B. Zhang, H. Dai, 

Advanced zinc-air batteries based on high-performance hybrid electrocatalysts, Nature 

communications. 4 (2013) 1805. 



  

199 

 

[40] Z. Jian, P. Liu, F. Li, P. He, X. Guo, M. Chen, H. Zhou, Core–shell‐structured CNT@ 

RuO2 composite as a high‐performance cathode catalyst for rechargeable Li–O2 batteries, 

Angewandte Chemie International Edition. 53 (2014) 442-446. 

[41] C. Sun, F. Li, C. Ma, Y. Wang, Y. Ren, W. Yang, Z. Ma, J. Li, Y. Chen, Y. Kim, 

Graphene–Co3O4 nanocomposite as an efficient bifunctional catalyst for lithium–air 

batteries, Journal of Materials Chemistry A. 2 (2014) 7188-7196. 

[42] K. Kwak, D.W. Kim, Y. Kang, J. Suk, Hierarchical Ru-and RuO2-foams as high 

performance electrocatalysts for rechargeable lithium–oxygen batteries, Journal of 

Materials Chemistry A. 4 (2016) 16356-16367. 

[43] F. Cheng, J. Chen, Metal–air batteries: from oxygen reduction electrochemistry to 

cathode catalysts, Chem. Soc. Rev. 41 (2012) 2172-2192. 

[44] S. Mekhilef, R. Saidur, A. Safari, Comparative study of different fuel cell 

technologies, Renewable and Sustainable Energy Reviews. 16 (2012) 981-989. 

[45] A.B. Stambouli, Fuel cells: The expectations for an environmental-friendly and 

sustainable source of energy, Renewable and Sustainable Energy Reviews. 15 (2011) 

4507-4520. 

[46] G. McLean, T. Niet, S. Prince-Richard, N. Djilali, An assessment of alkaline fuel 

cell technology, Int J Hydrogen Energy. 27 (2002) 507-526. 

[47] Y. Gorlin, T.F. Jaramillo, A bifunctional nonprecious metal catalyst for oxygen 

reduction and water oxidation, J. Am. Chem. Soc. 132 (2010) 13612-13614. 

[48] Y. Liang, Y. Li, H. Wang, J. Zhou, J. Wang, T. Regier, H. Dai, Co3O4 nanocrystals 

on graphene as a synergistic catalyst for oxygen reduction reaction, Nature materials. 10 

(2011) 780. 



  

200 

 

[49] M. Wang, J. Huang, M. Wang, D. Zhang, W. Zhang, W. Li, J. Chen, Co3O4 nanorods 

decorated reduced graphene oxide composite for oxygen reduction reaction in alkaline 

electrolyte, Electrochemistry Communications. 34 (2013) 299-303. 

[50] J. Wang, G. Yin, Y. Shao, S. Zhang, Z. Wang, Y. Gao, Effect of carbon black support 

corrosion on the durability of Pt/C catalyst, J. Power Sources. 171 (2007) 331-339. 
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