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Abstract 

 
Nanostructured materials and their applications in zinc-air batteries are considered 

one of the pivotal points in new energy storage nowadays. The limitation in the rare 

earth metals such as Pt/C and Ir/C has forced to shift to more economic alternatives 

such as porous carbon materials and transition metal oxides/sulphides. A cost-

effective analysis of each material in the synthesis of electrocatalysts is crucially 

important in order to determine the best compromise between cost and excellent 

electrochemical performance. Nowadays, the main electrocatalyst for oxygen 

reduction reaction has been Pt/C, but its high cost makes it undesirable for industrial 

applications. Hence, the strategy in replacing Pt/C with nitrogen doped carbons (N-C) 

and composites consisting of N-C and transition metal oxides/chalcogenides is an 

effective high performance and economic alternative. 

This thesis explains the principles of electrochemistry and electrochemical reactions 

such as oxygen reduction reaction (ORR) and oxygen evolution reaction (OER). The 

study of electrocatalysts is thoroughly explained with all the synthesised materials in 

this work including: manganese oxide nanoparticles on nitrogen doped mesoporous 

carbon for ORR; heteroatom (N, P, S) doping in reduced graphene oxide and the 

electrochemical activity towards ORR; cobalt sulphide nanoparticles on nitrogen 

doped reduced graphene oxide as bifunctional electrocatalyst for zinc-air batteries. 
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Impact Statement 
 

The increasing demands in energy storage nowadays has made the research shift 

towards materials side and studies of electrocatalysts to use as economic alternatives 

to precious metal-based benchmark catalysts such as Pt/C and Ir/C for the main 

catalytic reactions: oxygen reduction reaction (ORR) and oxygen evolution reaction 

(OER). These two main reactions are the fundamental basis of metal-air batteries such 

as zinc-air batteries where they form a direct relationship towards the charge and 

discharge regions. Obtaining highly porous carbon-based materials is crucially 

important for electrodes/cathodes to be used in Zn-air batteries. These play a role in 

enabling a fast electron transfer to-from the anode and cathode. The air electrode, 

oxygen electrode, is to have a longevity such as that the battery will be able to 

undertake continuous cycles with low voltage polarization gaps between the charge 

and discharge regions. Highly porous carbon-based materials (amorphous carbon and 

graphene oxide) have been synthesized in this thesis where it has been shown that 

there exists a direct correlation between specific surface area (SSA) and 

electrocatalytic activity towards oxygen reduction reaction together with the role of 

nitrogen functionalities in both catalytic systems comprising: (1) manganese oxide 

nanoparticles on nitrogen doped mesoporous carbon for highly efficient oxygen 

reduction reaction (ORR) and; (2) role of heteroatom doping (nitrogen, sulphur, 

phosphorus) on reduced graphene oxide electrocatalyst through a detailed study of the 

porosity, doping, and structural defects present in the high temperature treated 

materials.  

Next, was the study of on optimal bifunctional catalyst for the oxygen evolution 

reaction (OER) and ORR which consisted (3) of cobalt sulphide nanoparticles on 
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nitrogen doped reduced graphene oxide (CoxSy-NRG-4). The excellent 

electrocatalytic performance was highlighted by studies of key indicators in ORR 

including: onset potentials, half-wave potentials, limiting current densities and 

electron transfer number. CoxSy-NRG-4 hybrid catalyst had excellent limiting current 

densities, onset potential, and half-wave potentials compared to Pt/C for ORR; and 

excellent onset potential for OER compared to Ir/C as it has been explained in this 

thesis. Furthermore, CoxSy-NRG-4 was able to achieve excellent cyclic performance 

without compromising the integrity of the electrode even after hundred hours with 

low charge-discharge polarization gaps as compared to PtIr/C1:1 where there was a 

clear drop in performance after 20 hours. 
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ñI continue coupling a plate of silver with one of zinc, and always in the same order... 

and place between each of these couples a moistened disk. I continue to form a 

column. If the column contains about twenty of these couples of metal, it will be 

capable of giving to the fingers several small shocks.ò  

                Alessandro Volta, Italian Physicist and Inventor of the electric battery 
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Figure 2-18 (a) Schematic illustration of various kinds of N-doping types or topological 
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Chapter 1 Introduction  
 

Modern days demands for energy storage have prompted researchers to develop new 

generation of renewable energy ï including electrochemical, wind, tide, solar, water 

and nuclear energy. The increased investigation of renewable energy sources leads to a 

decrease in consumption of fossil fuels and influences severely burning of fossil fuels 

on human health.1 

Energy storage has been a focus of major investigation in the past centuries. Energy 

storage devices such as metal-air (e.g. Zn-air, Al-air, Li-air), supercapacitors have 

received large attention from scientific research community and in industry. A 

summary of energy storage technologies is shown in Figure 1.1.  

 

Figure 1-1 Summary diagram of different energy storage technologies. 
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Batteries are becoming important technologies for the future and ongoing research has 

focused on the development of efficient electrode materials to enhance the overall 

performance and energy capacity in zinc air batteries (ZABs). These mainly rely on the 

oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER). The most 

prominent and benchmark catalysts for these reactions are Pt and Ru based materials 

respectively. However, the increased cost and scarcity of these noble metals limit their 

applications in large-scale industrial projects.2  

Hence, the development of durable and economic ORR/OER catalysts has attracted 

reasonable interest in the research community due to their ever-demanding use in 

rechargeable metal-air batteries.3 These consists of non-precious metal electrocatalysts 

where these could be nitrogen doped porous carbon, transition metal oxides (TMOs), 

reduced graphene oxide, cobalt sulphides on reduced graphene oxide, hetero-atom 

doped reduced graphene oxide (N, P, S, B), composites of transitions metal oxides and 

graphene oxide, and spinel oxides.4-7 

Rechargeable zinc air batteries have an enormous potential to be widely used for future 

energy storage devices. Problems in current zinc-air batteries include the limited 

number of charge-discharge cycles that can be attained before the battery fails. The 

issues which are to be considered in ZAB research include the materials used and design 

chosen.8 It is important to understand the impact of materials science and system design 

approaches from both materials science and engineering view. It is therefore vital to 

understand the reaction and transport processes for the operation of ZABs as well as to 

investigate methods to improve and increase the durability of a ZAB.9 

The importance of research in zinc-air batteries lies in that they could be a major 

electronics revolution in the future decades when it will be possible to have 
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rechargeable batteries which have superior energy density and power densities 

compared to previous technologies. The study of rechargeability and durability 

is vital in battery technology since these parameters affect the overall operation 

of the battery and its market value. It is important to find routes to improve the 

materials chosen for zinc-air cathode electrodes to enhance the rate of reactions 

for both ORR (discharge) and OER (charge). Hence, for successful 

improvements, it is important to find alternative materials to commercial Pt/C 

and Ir/C which can act as bifunctional air electrode catalysts using carbon-based 

materials and metal-oxide/graphene composites.10, 11  

Dendrites are a fundamental part which determine battery operation and this 

theme has been studied in the past decades with some improvements thought still 

the issue to tackle dendrite prevention has to be considered furthermore.12, 13 The 

study of dendrite protrusion inside the separator of a zinc-air battery is important 

since these can cause short circuits. The repeated cycling during battery operation 

causes more non-uniform deposition on the surface of the Zn electrode which 

eventually redistribute at its edges and cause the electrode to become thicker in 

time showing the effect of non-uniform deposition/dissolution reactions at the 

zinc.  

In the next chapters, I will talk about the fundamentals and background in 

electrochemical reactions ORR/OER, the operation of zinc-air batteries, and 

electrocatalysts for ORR and OER (Chapter 2). The experimental pathways to 

obtain nanomaterials and their characterization will be outlined in Chapter 3. 

The front point in this thesis has been focused on an evaluative approach on three 

catalyst systems: 
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1. Highly efficient manganese oxide nanoparticles on nitrogen doped 

mesoporous carbon as electrocatalyst for oxygen reduction reaction 

(ORR) ï Chapter 4. 

2. A comparative study on the properties and effects of heteroatom (N/P/S) 

doping in reduced graphene oxide ï through studies of defects, surface 

chemistry, and electrochemical activity towards ORR ï Chapter 5. 

3. A bifunctional electrocatalyst consisting of cobalt-sulphide nanoparticles 

on N-doped reduced graphene oxide for zinc-air batteries ï Chapter 6. 

 

The principles involved in selecting the materials stem from the research 

in the electrocatalysis field, in particular mesoporous carbons and 

graphene oxides ï including derivatives with dopants such as nitrogen, 

sulphur and phosphorus- which are able to achieve promising ORR 

characteristics and performance. Though these might have exceptional 

properties in ORR, they are not able to sustain the required reaction in the 

oxygen evolution reaction (OER) potential window, hence, a strategy in 

selecting appropriate materials using cobalt-based nitrogen doped carbon 

(including graphene, CNTs, activated carbon, graphitic carbon nitride) is 

a promising method in achieving decent overpotentials when compared to 

the equilibrium potential in oxygen electrocatalysis. 
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Chapter 2 Literature Review 
 

2.1. Fundamentals 

Batteries have been known for centuries in their ability in converting and storing 

chemical energy. Their advantages compared to other forms of energy storage include 

the ability of scale-down to small sizes that has made possible the development of 

portable electronic devices.14 The industry of electric vehicles (EVs) that will replace 

internal combustion engine vehicles is another promising field where batteries could 

become advantageous. These EVs however make use of lithium-ion batteries (LIBs) 

which have been prominent in the battery industry since 1990s.15 The main 

disadvantage here is that LIBs have a high cost and issues concerning their safety and 

necessity of lithium/cobalt for anode/cathode.16 Their energy density is limited by 

capacity of electrode materials. Hence, an alternative to replace LIBs in rechargeable 

batteries field has become a main topic of interest in the years. Metal-air batteries 

(MABs) have a high energy density due to oxygen being used as reactant at the cathode 

and is stored outside of battery until discharge.17, 18 The main primary/secondary metal-

air batteries are with anodes such as zinc, iron, potassium, lithium, aluminium, 

magnesium and sodium.19-21 Theoretical specific energies (e.g. volumetric energy 

density, gravimetric energy density, and nominal cell voltage of metal anodes in metal-

air batteries is shown in Figure 2.1. Lithium is a strong anode material in secondary 

metal-air batteries due to its high theoretical specific energy of 5928 W h kg-1 and cell 

voltage of 2.96 V. However, lithium is instable in when exposed to air in aqueous 

electrolyte solutions. Zinc is more stable and can be charged more efficiently in aqueous 

electrolyte solutions due to its greater energy and cell voltage in aqueous metal-air 

battery. Zinc is relatively inexpensive compared to lithium more abundant in earthôs 
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crust. The relatively high specific energy (1218 Wh kg-1) and volumetric energy density 

(6136 Wh L-1) of zinc metal makes it a preferable anode candidate compared to lithium. 

For primary metal-air batteries, zinc is the most common anode where these are used 

for hearing aids and provide a volumetric energy density of  

1300-1400 Wh L-1. Mechanically rechargeable batteries, also known as zinc-air fuel 

cells, the battery is charged by removing the spent zinc and re-supplying with a new 

zinc anode to enhance the low zinc electrode reversibility and not stable air cathode 

electrodes.  

 

2.2 Carbon nanomaterials in electrochemistry 

The unique properties of carbon has made it a perfect candidate in the electrochemistry 

world due to its high electrical thermal conductivity; variation in morphologies and 

porosity, low cost and tolerable level of corrosion.22 Carbon exists in different allotrope 

forms including graphite, graphene, amorphous carbon, carbon nanotubes (CNTs), 
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Figure 2-1 Theoretical specific energies, volumetric energy densities, and nominal cell 

voltages for different metal anodes (Li, K, Na, Mg, Al, Zn, Fe). 
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nanodiamond and fullerenes (Figure 2.2).23 The bonding of carbon atoms in these 

different allotropes strongly influences the intrinsic properties of carbon. For example, 

graphite is aromatic planar configuration with sp3 hybridized carbon and ˊ-delocalized 

orbitals which enhance conductivity. Diamond possesses strong mechanical properties 

and thermal conductivity. Graphene consists of mono-layer graphite or few-layers and 

possesses great properties in electrochemical reactions and catalysis.  

 

 

The structural unit of carbon, which is hexagonal, tends to agglomerate and form stack 

layers which then can close and form a carbon nanotube. Also, CNTs can be open and 

form a graphene sheet by unzipping process.24, 25 The porosity and specific surface area 

of carbon can affect and enhance the ability to access the electrolyte in electrochemical 

Figure 2-2 Different allotropes of carbon including graphite, CNTs, graphene, amorphous 

carbon, and nanofibers.23 
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reactions. It is used as an electrode in energy storage devices (e.g. batteries, 

supercapacitors, fuel cells) where it can be active electrocatalyst or a support material 

for transition metal oxides/sulphides. The conductivity of carbon is found to be 

dependent on different treatment methods including high-temperature, doping with 

heteroatoms, the hybridization and textural properties.26 Functionalization of carbon 

nanomaterials through various synthesis approaches and activation is also quite 

important in order to enhance performance in catalytic reactions.27 

 

2.3 Oxygen reduction reaction (ORR)  

ORR is the most important reaction in energy converting systems such as fuel 

cells and metal-air batteries. ORR in aqueous solutions occurs mainly by two 

pathways: the direct four-electron transfer pathway from O2 to H2O and the two-

electron transfer pathway from O2 to H2O2. The ȹE value for ORR is different at 

various pH values. Therefore, the reaction can be written in different ways 

according to the electrolyte pH value where the reaction is taking place. 

ORR is the slowest reaction in any condition for zinc-air batteries. The reasons 

associated with this is due to the higher bond energy of the oxygen molecule. 

O=O (g) Ą 2O (g)        ȹHo = + 498 kJ mol-1               (2.1) 

The activation barrier must be prevented in order to obtain a higher current 

density at the cathode. The entropy change (ȹS) of O2 dissociation is always 

positive. Hence oxygen dissociation is more favourable at higher temperatures 

due to the decrease in ȹG according to equation 2.2: 



33 

 

 ȹG = ȹH ï TȹS                (2.2) 

Though the ȹS for complete reaction is negative due to a reactant in gaseous phase state 

produce liquid, therefore -TȹS becomes positive. At higher temperatures the G 

increases (negative G decreases) so efficiency will be reduced. At room temperature, 

the activation energy can drop down by lowering the cathode potential or using a decent 

electrocatalyst. The ORR proceeds by either the standard 4e- pathway or by its peroxide 

counterpart (2e-). The Sabatier principle is qualitative concept where it postulates that 

the interactions between catalyst and substrate should not be too strong, nor too weak. 

Weak interactions could lead to failure of bond making between catalyst and substrate 

and suppressing reaction. Too strong interactions lead to slow dissociation of substrate 

intermediates or products. Since ORR is a multi-step reaction, the rate of the rate-

determining step (r.d.s.) is more important than overall reaction rate. To get a better 

idea of the Sabatier principle, the basic mechanism of ORR four-electron pathway on 

surface is as follows where reaction 2.3 follows the direct 4e- (dissociative) pathway: 

 

O2 + 2H2O + 4e- Ą 4OH-                          (2.3)        

O2 (g) +2H2O(l) + 4e- + * Ą OOH* + OH- + H2O (l) + 3e-            (2.4) 

OOH* + OH- + H2O (l) + 3e- Ą O* + 2OH- + H2O (l) + 2e-          (2.5) 

O* + 2OH- + H2O(l) + 2e- Ą OH* + 3OH- + e-  (2.6) 

OH* + 3OH-  + e- Ą 4OH- (2.7) 

where * indicates sites on catalytic surface.   

With three possible reaction pathways (two associative and one dissociative). In doped 

graphene-based materials the surface has to overcome a high energy barrier greater than 

1.2 eV, hence making the associative mechanism more common.  
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Hence overall reaction rate is summarized in Figure 2.3.28 

 

 

 

A summary of ORR in alkaline and acidic media is described in reactions 2.8-

2.13.29,30 

1. Direct 4e- pathway 

i. Alkaline solutions 

O2(g) + 2H2O(l) + 4e- Ą 4OH-(l)       E0= 0.401 V           (2.8) 

j. Acid solutions 

            O2 + 4H+ + 4e- Ą  2H2O             E0= 1.229 V           (2.9) 

2. Peroxide Pathway 

i. Alkaline solutions 

O2+ H2O + 2e- Ą HO2
- + OH-       E0= ï0.065 V          (2.10) 

HO2 
- + H2O + 2e- Ą 3OH-               E0= 0.867 V           (2.11) 

j. Acid solutions 

O2 + 2H+ + 2e- Ą H2O2                   E0= 0.70 V        (2.12) 

H2O2 + 2H+ + 2e- Ą 2H2O       E0= 1.76 V         (2.13) 

Figure 2-3 Oxygen reduction reaction (ORR) pathways in alkaline electrolyte.28 
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The dissociative pathway in ORR consists of dissociation of oxygen and its 

subsequent reduction to hydroxyl while the associative pathway involves the 

formation of peroxide (OOH*) which is in the final product (OOH-) or 

intermediates.11 

The volcano plots (Figure 2.4) illustrate the maximum catalytic activity of certain 

metals towards ORR and relationship of binding energies of oxygen and 

hydroxyl on (111) surfaces. These plots are used to prove the Sabatier principle.31 

 

 

This shows that platinum (Pt) and palladium (Pd) are the best catalysts for oxygen 

reduction. Metals with lower O binding energy than Pt should have a higher rate 

of oxygen reduction. Alloys of Pt with Ni, Co, Fe, and Cr were shown to have 

smaller oxygen binding energies than pure Pt.32, 33 The trends could be explained 

by DFT studies where it has been shown that a Pt monolayer over monolayers of 

Figure 2-4 Volcano plots showing trends in oxygen reduction activity plotted as a 

function of the oxygen and hydroxyl binding energy.31 
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Ni, Co, or Fe give (ȹEOH, ȹEO) = (1.15 eV, 1.89 eV), (1.06 eV, 2.0 eV) and (0.85 

eV, 2.06 eV), respectively. This can then be compared to the adsorption on a pure 

Pt surface: (ȹEOH, ȹEO) = (1.05 eV, 1.57 eV).31 Platinum (Pt), palladium (Pd), 

and silver (Ag) catalysts proceed through a dissociative pathway because the 

O=O bond is cleaved initially. By contrast, carbonaceous catalysts tend to reduce 

oxygen via an associative pathway due to the fact that carbon is poor at reducing 

peroxide intermediate.34 Here O2 does not dissociate before it is hydrogenated 

and the bias dependence of the volcano plots is for the equilibrium bias at U= 

1.23 V.  

 

Most studies reported that N-doping in carbon materials boosts the ORR activity. 

Though, it is still unclear which N group functions as active site or catalytic 

centre. The four main nitrogen species in N-doped carbon materials (amorphous 

carbon, graphene, CNTs etc.) are: pyridinic N, pyrrolic N, quaternary N, and N-

oxides of pyridinic N as illustrated in Figure 2.5.35 It has been thought that 

Figure 2-5 Illustration of the commonly doped nitrogen species in graphitic carbon 

materials with corresponding binding energies position values.35 
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pyridinic N is the main contributor to ORR by some researchers, while others 

postulated that graphitic N is more active site compared to pyridinic N.36-39 The 

total nitrogen content has seemed to have partial influence on the catalytic 

activity towards ORR, but rather a relationship between the limiting current 

density and the onset potential influenced by a combination of pyridinic and 

graphitic N as studied by Ruolff et al.40 

 

2.3.1 Key performance indicators (KPIs) for ORR 

2.3.1.1 Polarization curves (LSV) for ORR, onset potential, half-wave potential, 

and limiting current density 

The KPIs for ORR determined from the linear sweep voltammetry (LSV) method 

include the onset potential, limiting current density, overpotential, half-wave 

potential E1/2 (the potential to reach half of the limiting current density obtained 

from the LSV curve), electron transfer number, and several more. These play an 

influential part in establishing the performance of electrocatalysts when 

comparing them between the standard Pt/C catalyst, as seen in Figure 2.641. A 

higher E1/2 corresponds to lower overpotential to reach the specific current 

density (-3 mA/cm2) and is equivalent to higher ORR performance. The onset 

potential is a measure of the speed of the reaction and kinetics in that it is used 

to determine the potential at which the current transitions from the kinetic region 

to the mixed kinetic-diffusion limited region to then reach the final diffusion 

limited region, where the limiting current density is measured at the cut-off 

potential. The limiting current density for a given catalyst - using the same RDE 

setup (glassy carbon with same electrode diameter 3 mm or 5 mm, catalyst 
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loading, and oxygen inlet conditions) ï can be used for quantitative analysis of 

electron transfer numbers and to quantify the relationship between E1/2 and Tafel 

slope. 

 

 

 

 

 

 

The limiting current, IL (mA), is normalized by the electrode's geometrical 

surface area to obtain the limiting current density (JL) value. The value of JL for 

a 4-electron transfer of ORR should be a constant value at 1600 rpm over the 

working electrode with dia. 5 mm for a given concentration of electrolyte 

solution, such as 5.277 mA/cm2 for 0.5 M H2SO4, 6.332 mA/cm2 for 0.1 M 

HClO4, and 5.968 mA/cm2 for 0.1 M KOH. Furthermore, many aspects, like 

catalyst selectivity, the catalyst active surface area, viscosity, and oxygen 

diffusion of the electrolyte solution, can influence the deviation within 

theoretical and experimental values. 

Figure 2-6 (a) Schematic illustration of the oxygen reduction reaction (ORR) regions 

of interest when considering performance evaluation and indicators.42 (b) Pyramid 

diagram depicting the point of mitigation in order to obtain a high-performance catalyst 

and the requirements it must meet. 

(a) (b) 
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2.3.1.2 Electrochemically active surface area (ECSA) from cyclic voltammograms 

The surface of the solid electrodes are not smooth and its real surface area (RSA) in 

one of the crucial parameter, which is much higher than the geometrical surface area 

(GA) of the electrodes. The RSA values are varied for different electrocatalytic 

materials, and the ratio of RSA and GA is termed as the roughness factor (Rf)  

 

2.3.1.3 Kinetic current density of ORR 

The ORR disc current density in the potential between 0.7 and 0.95 V vs. RHE is 

relatively independent of the electrode rotation rate, indicating that current densities in 

this specific potential region are purely controlled by the kinetics of oxygen reduction 

and thus referred to as kinetic current density (Jk). Moreover, the Jk value can be 

calculated using the Equation 2.14, which is a mass-transfer corrected current density 

of ORR.(Equation 2.14) 

 

                                                        ὐ                                                      (2.14) 

 

where, Jp is the current density acquired at a particular potential and JL is the highest 

diffusion-limiting current density obtained from the diffusion plateau region. 

 

 

2.3.1.4 Tafel slope (b), exchange current density (J0), and electron transfer co-

efficient (Ŭ) 

The logarithmic current-potential relationship was eventually revealed mathematically 

by Tafel. Tafel analysis is a tool for evaluating electrocatalytic efficiency and 

https://www.sciencedirect.com/topics/engineering/hydrogen-electrode
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elucidating the reaction mechanism involving the surface adsorption of reactive species 

(oxygen and its intermediates) on electrocatalyst active sites. In addition, the 

Tafel Equation (2.15) provides information associated with the rate-determining step 

of the ORR mechanism 

                                    – ὥ ὦÌÏÇ*Ë– Ὁ Ὁ                        (2.15) 

ὦ
Ȣ

ÌÏÇὐ                                               (2.16) 

 

where ɖ is the overpotential, a and b are the intercept and Tafel slope (Eq. (17)) 

respectively, Ŭ is the electron transfer coefficient, R is the gas constant, F is 

the Faraday constant, T is the temperature and Jk and J0 are kinetic and exchange 

current density respectively. 

 

Using the Tafel plot, the extrapolation of the current-potential curve up to 

the thermodynamic potential of ORR (1.229 V vs. RHE) allowing to measure the 

exchange current density of the catalysts for ORR. Figure 2.7 exemplifies a clear 

method for measuring the exchange current density directly from the Tafel plot 

for both ORR benchmark electrocatalysts and standard Pt/C. Generally, an ORR 

electrocatalyst material with a high J0 and low b is most favoured, indicating that 

it would have improved kinetics. Furthermore, the electron transfer coefficient is 

a magnitude that ranges between 0 and 1, expressing the influence of the 

electrode potential on the energy of the transition state; for ORR, the value is 

typically about 0.5. The following expression was suggested by an IUPAC 

https://www.sciencedirect.com/science/article/pii/S0360319921047728#fd16
https://www.sciencedirect.com/science/article/pii/S0360319921047728#fd17
https://www.sciencedirect.com/topics/chemistry/alpha
https://www.sciencedirect.com/topics/engineering/thermodynamic-potential
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technical report to estimate the cathodic electron transfer coefficient (Equation 

2.17), which can be used for ORR. 

 

‌                                                (2.17) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.1.5 Percentage of H2O2 formation and number of electron transfer (from 

RRDE) 

During the ORR, the formation of intermediate species plays a critical role when 

determining the kinetics and proposing the mechanism subject to the number of 

electrons involved and the pH of the electrolyte solution. Thus, the number of 

intermediates impacts the overall electrode efficiency and cell performance. A rotating 

Figure 2-7 Method to measure the exchange current for both ORR benchmark 

electrocatalysts and state-of-the-art Pt/C catalysts.1
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ring disc electrode (RRDE), which is the most sensitive and direct tool for measuring 

intermediate formation, was used to quantify the percentage of peroxide (HO2-) in 

an alkaline medium. The RRDE-LSV measurement was performed by maintaining the 

ring potential at 1.2 V vs. RHE, where the peroxide oxidation could be diffusion-limited 

and such high potential was sufficient to facilitate complete the oxidation of any 

intermediates (H2O2), while reaching at the ring surface by the centrifugal flow of the 

electrode rotation. Based on the ring and disc current values, the formation of 

intermediate species (H2O2 or HO2-) and the number of electrons transferred during 

ORR with the effect of diffusion control can be determined using the Equation (2.18) 

as given below: 

Ὄὕ Ϸ
Ⱦ

Ⱦ
ρππ                                          (2.18) 

where JD is the disc current density, JR is the ring current density, and N is the RRDE 

collection efficiency. The number of electrons transferred during the ORR (n) value 

was calculated from the disk current (JD) and ring current (JR) densities by the following 

equation (Equation 2.19):                  

                       ὲ τ
Ⱦ

                                                        (2.19) 

where, N is the collection efficiency of the RRDE, which is the fraction of product 

between the disc and the ring electrodes. 

https://www.sciencedirect.com/topics/engineering/alkaline-medium
https://www.sciencedirect.com/topics/engineering/ring-electrode
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2.4 Oxygen evolution reaction (OER)  

OER is a process of generating molecular oxygen by a chemical reaction. OER 

is a core ration in zinc-air batteries where most reactions occur in alkaline 

conditions. The reaction pathways are rather complex for OER. Oxygen evolves 

from an oxide phase rather than bare metal.29 Hence the mechanisms change 

depending on the electrode materials and site geometry of metal cation. Metal 

cation site can affect catalysis process and changes adsorption energy of oxygen 

species as well as coordination number.42 In rechargeable zinc-air batteries, a 

bifunctional catalyst at the oxygen electrode is needed which can catalyse both 

ORR and OER as shown in Figure 2.8.  

Figure 2-8 The polarization curves for two pairs of the key energy-related 

electrochemical reactions and their overall reaction equations. Red and blue curves 

refer to the hydrogen-involving and oxygen-involving reactions, respectively. 
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As it can be seen hydrogen evolution reaction (HER) and OER obey the Butler-

Volmer model at high overpotentials while ORR and HOR have a constant value 

at high overpotentials due to mass transfer rate limitations.  

The most notable are oxides containing surface reactions biased toward right 

hand side as below. This can then be expressed as follows: 

 ὓ ὕ ὕὌᴼὓ ὕ ὕὌ Ὡ   (2.20) 

ὓ ὕ ὕὌ ὕὌ

ᴼὓ ὕ ὕ Ὄὕ Ὡ  

 (2.21) 

ςὓ ὕ ὕ ᴼςὓ ὕ ὕ       (2.22) 

                       

RuO2 and IrO2, typical oxide OER catalysts, have very high activity due to their 

low redox potentials of 1.39 and 1.35 V vs. RHE, respectively and their high 

conductivity.43 Another transition metal, nickel, is also used as electrocatalyst for 

OER in potassium hydroxide electrolyte solution. Other bimetallic transition 

metal oxides (NiCo2O4, MnCo2O4) and spinel oxides have also seen attention for 

OER.44-46  
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The hindrance to practical use in ZABs is caused the sluggish kinetics (high 

overpotential (ɖ)) of the OER. Overpotential is one important descriptor in 

evaluating OER catalyst performance (Figure 2.9). Idealistically, the applied 

potential to drive a specific reaction should be equal to potential of reaction at 

equilibrium. This is not usually the case where the applied potential is higher 

than that at equilibrium to overcome the electrode kinetic barrier of OER. By 

considering the Nernst equation, the applied potential is expressed as Equation 

2.23 and 2.24 where E is the applied potential and E0ô is potential of the overall 

reaction, T is the absolute temperature, R is universal gas constant, F is Faradays 

constant, n is the number of electrons transferred in the reaction, CO and CR are 

concentrations of oxidised and reduced agents.47    

Figure 2-9 Illustration of typical OER curve indicating the point to calculate the 

overpotential (at 10 mA cm-2) for OER catalyst performance comparison. 
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 Ὁ  Ὁ   ÌÎ 
(2.23) 

 – Ὁ Ὁ  (2.24) 

   

The overpotential is the value that has to be applied to achieve a specific current 

density, and lower overpotentials indicate for electrocatalysts indicates its 

superior electrocatalytic performance for the reaction. Different current densities 

will refer to different overpotential (ɖ) values. Normally, the reported 

overpotential (ɖ) is referred to a current density reaching a value of 10 mA cm-2. 

The elementary steps are believed to involve absorbed OH and O species on the 

surface (*) according to the following reactions: 

  

OH- + * Ą OH* + e-     (2.25) 

OH* + OH Ą O* + H2O + e-  (2.26) 

O* + OH- Ą OOH* + e-  (2.27) 

OOH* + OH- Ą O2 + H2O + e-  (2.28) 

   

Where * represents the active site on the surface, (l) and (g) represent the liquid 

and gas phase, respectively, and O*, OH*, OO* are adsorbed intermediates. 

Here, the evolution of O2 is believed to involve one of the two pathways 

(associative) including direct reaction and two step reactions. The last one is 
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thought to occur more easily because the thermodynamic barrier for the previous 

is always greater.48, 49 Bockris et al. studied the OER on 18 substituted 

perovskites containing first-row transition-metal ions and found that the 

electrode kinetics increase with decrease of enthalpy of formation of transition 

metal hydroxides and with increase in number of d electrons in the transition 

metal ions.50, 51 The basic assumptions made for the mechanism of oxygen 

evolution (OER) is made along the following interpretations. An examination of 

the current density (based on real surface areas) at a constant overpotential shows 

linear dependence on e.g. enthalpy of formation of corresponding hydroxide. It 

is likely that the rate determining step is common for the materials (the standard 

rate determining electrochemical desorption step for hydrogen evolution on 

transition metals). The reaction in metal-oxides and metal hydroxides suggests 

the breaking of an M-OH bond involved in the rate determining step. On the 

surface of perovskites as an example, a high coverage of OH species seems to be 

a regular situation as in Figure 2.10.51 
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Hosseini et al. proposed a model to show the relationship between ORR 

overpotential and OER overpotential and come up with a plot illustrating a 

variety of precious metal (Pt, Ru, Ir, Pd), transition metal oxides (TMOs) and 

hybrid/TMOs indicating Pt/IrO2 as best ORR/OER electrochemical couple. Also 

showed manganese oxides/lanthanum cobalt oxides as potential ORR/OER 

catalysts as seen in Figure 2.11.52 

Figure 2-10 (Left) Schematic model of the active surface of perovskite, where 

transition metal B is electrochemically active. (Right) Schematic representation of the 

first and second (rate determining) steps of mechanism I, involving a series of proton 

transfers.50 
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2.4.1 Key performance indicators (KPIs) for OER 

There are essentially five main factors that determine the efficiency of OER 

electrocatalysts:  

1. The electrode/substrate interface plays a major role in enhancing the performance. 

Local structure defects, morphology, conductivity, wettability, and accessibility of 

electrolyte influence the reaction rate; 

2. The pH strongly influences the catalyst performance. OER is favoured in alkaline, 

more difficult in neutral, and much more difficult in acidic media, such that electro-

catalysts able to sustain the efficiency in the full pH range (0ï14) are highly desirable; 

Figure 2-11 Comparison between the ORR and OER overpotential values of various 

ORR/OER catalysts as reported by Gyenge et al.51 



50 

 

3.The most significant figure of merit of performance is the overpotential  

(Figure 2.12)53 at current density of 10 mA cmī 2, such that a catalyst providing that 

current density at 1.53 V in alkaline media (E0 = 1.23 V) has 300 mV of overpotential 

and is considered excellent; 

4.The Tafel plot analysis provides information on the kinetics and mechanism of 

reaction, allowing comparison of different type of catalysts, where the magnitude of 

the slope helps to establish the rate-determining step and the response sensitivity. Low 

Tafel slope values indicate promising catalysts with fast OER and high current 

densities; 

5.Other parameters such as mass activity and turnover 

frequency (TOF = (J × A)/(4F × n)) can also be considered, where J (mA cmī 2) is the 

current density at a given overpotential (ɖ), A the electrode area, F the Faraday constant 

(96485 C molī 1), and n the number of moles of catalytic active material; while the 

mass activity = J/m, where m is the mass of catalytic active material (mg cmī 2). 

 

 

 

 

 

 

 

Figure 2-12 The figure of merit for comparison of the performance and robustness of 

OER catalysts aiming for the fabrication of real devices working in any pH range (acidic 

to alkaline), where the nature of electrode and mass loading must be considered.53
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2.5 Zinc-air batteries (ZAB) components 

Typically, a ZAB consists of a zinc electrode, air electrode, a porous separator, and 

liquid electrolyte. The solution used to test zinc air batteries consists of 6 M KOH with 

the addition of 0.2 M Zn(Ac) to facilitate the kinetics of the zinc electrochemical 

reactions. Chemical energy which is stored in the Zn is first converted to electrical 

energy by separating the electrochemical reaction into two steps: oxidation and 

reduction reaction.54 Zinc and hydroxide ions (OH-) are electrochemically converted to 

zincate ions (Zn(OH)4
2-).55, 56 These then precipitate to solid zinc oxide (ZnO), water 

(H2O), and OH- at the zinc electrode. At the air electrode, oxygen (O2) and H2O are 

electrochemically converted to OH-. These reactions are reversible. The cathode and 

anode are connected to each other through a load which applies current to the ZAB. 

Hydroxyl ions OH- are transported to both electrodes through the separator to 

compensate the charge transport due to the transport of electrons. 

Typically, ZABs are operated at low temperatures (298 K) and are either operated using 

gaseous oxygen or air. The air mainly contains nitrogen (N2), carbon dioxide (CO2), 

water vapour (H2O (g)) as well as oxygen (O2) which all enter and exit through the air 

electrode. 

2.5.1 Zinc electrode 

Two types of zinc anode electrode can be used in a ZAB. These consist of either particle 

form (Zn powder) or metal form (foil). For zinc powder electrodes, these consist of zinc 

with binder (e.g. PVDF, PTFE) which is made in paste form to be coated on top of a 

porous substrate (e.g. Ni-foam). For pasted zinc electrodes, cellulose is usually included 

into the paste of the electrode, so it is able to soak up the liquid electrolyte. One of the 
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most important characteristics of Zn metal is its low electrical resistivity, equal to 5.96 

µÝ cm.   

Zinc has better corrosion rates than aluminium in KOH solutions; however, in anodic 

discharge of the battery, (reaction (III), the hydrogen evolution (HER) in the form of 

gas is problematic. Since KOH is very basic solution (pH=14), zinc corrodes producing 

hydrogen, as summarized in the Pourbaix diagram (Figure 2.13), giving rise to charge 

losses and potentially dangerous hydrogen gas build-up.2 

During battery discharge, zinc and hydroxide ions are electrochemically converted to 

zincate ions as shown by reaction (I) with respective reaction rate rI. Zincate ions further 

precipitate to solid zinc oxide, water and hydroxide ions in reaction (II) with respective 

reaction rate rII . 

Zn(OH)4
2- is the main zinc species in the KOH electrolyte solution. From the 

Pourbaix-diagram (V vs. pH) for Zn, Zn2+ ions occur at a pH lower than 8.57 For 

supersaturation of the electrolyte with Zn(OH)4
2-, solid ZnO precipitates.58 The 

Pourbaix-diagram is shown below in Figure 2.13.57 

 

 

 

 

 

 

 

Figure 2-13 Pourbaix diagram for zinc at 25°C.59 
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During charge-discharge process, the Zn/Zn2+ redox reaction at the anode and 

the oxygen reduction-evolution reaction on the cathode occur simultaneously. 

During discharge conditions, zinc metal is oxidized at the anode while oxygen is 

reduced to hydroxide ion on the cathode surface via four electron transfer 

reaction (calculated using a K-L plot at different potentials. The hydroxide ion 

reacts with Zn2+ to form a soluble zincate (Zn(OH)4)
2- ion which is further 

dehydrated to form ZnO; a white solid product which acts as an insulator making 

rechargeability a challenging task. Also, a pair of undesired reactions between 

positive and negative electrode materials occur: zinc metal reacts with alkaline 

electrolyte (KOH) resulting in the formation of Zn(OH)2 and zinc metal at the 

anode. CO2 from ambient air reacts with alkaline electrolyte which leads to 

formation of carbonate (K2CO3) 

2.5.1.1 Dendrite nucleation in zinc-air batter ies 

Dendrite growth affect the performance of zinc-air batteries in that it causes the 

battery to fail in time when the dendrites penetrate the separator and eventually 

short-circuit the battery.59 Researchers have shown simulations of dendritic 

growth at the zinc electrode surface by modelling its behaviour through diffusion 

equations and mass transfer of the electrode.13 It is important to understand that 

zinc has two main reactions, deposition and dissolution. A zinc electrode should 

have uniform deposition by the end of each charge-discharge cycles but this is 

not the case due to surface defects and anomalies when in contact with different 

types of electrolytes. It has been shown that the composition of the bulk 

electrolyte (KOH) in the presence of additives had an effect in suppressing the 

dendrite growth on the Zn surface.12 There has been increasing number of patents 
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in the field of dendrite suppression in zinc-air batteries which have demonstrated 

novel methods and battery designs to inhibit the over-formation of dendrites.60 

Several approaches over the years have been considered to inhibit dendrite 

formation. These include a method where zinc is bonded in place using polymer 

binder and additives to prevent shape change on charge. The presence of an ion 

exchange membrane can prevent the migration of zincate ions towards the air 

electrode and hence reduce the tendency to form dendrites which cause shorts 

circuits within the battery between the air electrode and the zinc. Studies using 

in-situ methods have been shown to be effective way to image dendrite 

nucleation of lead dendrites and lead ions in aqueous solutions.61 Recently it has 

been shown that using phase-field modelling to simulate dendrite growth of 

electrodeposited zinc.13  

 

 

 

 

 

 

 

Figure 2-14 Mechanism of dendrite growth, (a) the relationship between dendrite 

growth and the applied voltage under the same electric quantity conditions, and (b) the 

effect of surface energy anisotropy on the dendritic morphology of electrodeposited 

zinc.13 
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Dendrite growth depends on local overpotential related to electric potential in 

electrolyte, so dendrites grow faster when larger voltage applied between anode 

and cathode. Overpotential larger at high voltage and dendrites grow more 

quickly as shown in Figure 2.14.13 

 

2.5.2 Alkaline electrolyte and separator 

Ions produced and consumed in the ZAB need to be transported between the two 

electrodes, so that the overall reaction is ensured. Ion transport in ZABs is 

facilitated using an aqueous electrolyte. The electrolyte applied is usually a KOH 

solution. However, different electrolytes solutions have been considered with the 

use of different salts at various pH values for application in metal-air batteries.62 

The high ionic conductivity, low viscosity, and the great oxygen diffusion 

coefficients makes KOH a good solution to be used as electrolyte. Maximum 

ionic conductivity for 6 M KOH solutions has been reported as 620 mS cm-1.63 

K2CO3 is produced during an unwanted side reaction in KOH hinders the overall 

process but is relatively more soluble compared NaOH solutions.3 Hence, salt 

precipitates will not occur at the air electrode. Disadvantages of using a liquid 

alkaline electrolyte are that the KOH solution can form carbonate species while 

losing hydroxide ions. These are important for ion transport and reactions when 

in contact with CO2 from the air. Ionic liquid electrolytes can also be used for 

different types of metal-air batteries as well.63 They conduct ionic current without 

being dissolved in water. Disadvantages of ionic liquid electrolytes are that they 

possess a very low ionic conductivity (1.26 mS cm-1 at 298 K).64 
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The separator in zinc-air batteries is a selective barrier for certain reactants and 

products of each electrode. The separator needs to electrically insulate both 

electrodes from each other and ensures successful transport of OH- ions at each 

electrode. The concentration of the electrolyte affects the current density values 

since higher molarity for KOH gives higher conductivity.65 

2.5.3 Air Electrode 

The cathode or air electrode draws active mass from the ambient air in zinc-air 

batteries. The major requirements for decent catalysts for ORR and porous 

materials. The catalysts at the air electrode purpose is to alleviate the activation 

energy for ORR.66 Hence, a gas-diffusive air and electrically conductive 

electrode are major requirements in ZABs. This consists of a gas-diffusion layer 

(GDL, e.g. SGL Carbon group carbon paper), a current collector (e.g. Ti-mesh, 

Ni-foam), and a catalyst layer (active material). The diffusion occurs pores of the 

carbon derived materials such as graphene oxide, CNTs, porous carbon and 

activated carbon. Furthermore, a hydrophobic binder such as Nafion is used to 

hold the catalyst together on the GDL, ensuring the correct loading in 

experiments. Also, the diffusive carbon material should be able to endure 

reactive oxygen ions from OER during charging. Oxygen at the air electrode 

dissolves in the electrolyte and reacts electrochemically with water to hydroxide 

ions during discharge. 

For rechargeable ZABs, catalysts with bifunctional characters are needed in 

order to enable both ORR (discharge) and OER (charge). In addition, the catalyst 

should minimize polarization losses of the air electrode during battery operation.  
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2.6.Operation of zinc-air batteries (ZABs) 

In a zinc-air battery (ZAB), atmospheric oxygen is absorbed into the electrolyte through 

a gas-diffusion electrode. Development of rechargeable ZABs focuses on the use of 

porous Zn anodes and Zn-Al based anode materials to improve the capacity of the 

battery. The positive electrode (cathode) in ZABs is composed of a porous body made 

of materials such as nickel foam, carbon fibres, and carbon paper which have access to 

air. Atmospheric oxygen is reduced at the cathode in the process of oxygen reduction 

reaction (ORR). The aqueous solution is potassium hydroxide (KOH) and serves as the 

electrolyte. This electrolyte is used in 6 M KOH with the addition of 0.2 M Zn(Ac) to 

improve the kinetics of the reaction at the Zn electrode. A schematic of a typical 

rechargeable zinc-air battery and the rates of reactions are shown in Figure 2.15.  

To make rechargeable MABs work, one requires an air cathode of high surface area 

arising from porous structure with appropriate pore sizes that allows fast diffusion of 

gaseous O2 yet avoids the leakage of the electrolyte, and high catalytic activities 

provided by bifunctional catalysts toward oxygen reduction reaction (ORR) and oxygen 

evolution reaction (OER) in discharging and charging processes, respectively.  

 

 

a) 

 

b) 

 

b) 

Figure 2-15 (a) Rechargeable zinc-air battery showing the main reactions occurring at 

the air-electrode ï ORR and OER; (b) rates of reactions in metal-air batteries where 

M=Zn and n=2 for ZABs. 
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Dendrite nucleation and electrodeposition of Zn metal dendrites occurs on the surface 

of zinc anode materials (i.e. foil, Zn/carbon paper, and Zn/NF). The importance of the 

study of dendritic nucleation in zinc air batteries is relative to the problems encountered 

with short-circuiting the battery and eventually making the battery fail.67 Novel 

methods to improve the overall reaction processes by considering the role of both 

electrode structures and surface functionalities, and additives materials to the 

electrolyte such as polyethylene glycol (PEG) still remains a challenge in ZABs. 

In ZABs, during battery discharge, the oxidation of zinc occurs giving rise to soluble 

zincate ions (i.e. Zn(OH)4
2-). Process usually proceeds until they are supersaturated in 

the electrolyte, after which the zincate ions decompose to insoluble zinc oxide as shown 

by the equations:  

Negative electrode:                 Zn + 4OH- Ą Zn(OH)4
2- + 2e- (2.29)   

 Zn(OH)4
2- 
Ą ZnO + H2O + 2OH- (2.30) 

Parasitic reaction:                    Zn + 2H2O Ą Zn(OH)2 + H2 (evolving) (2.31) 

Standard reduction potential: Zn ᵶ Zn2+ + 2e-      (E0=-1.26 vs SHE)  

Positive electrode: O2 + 4e- + 2H2O Ą 4OH- (2.32)   

 Ered
Ǔ = 0.4 V vs. SHE  

Overall reaction:   2Zn + O2 Ą 2ZnO     

 EǓ = Ered
Ǔ ī Eox

Ǔ= 1.66V 

(2.33) 

                                               

The parasitic reaction in zinc-air batteries occurs between zinc and water and could 

result in hydrogen gas generation. Reaction takes in concomitance with oxidation 

reaction at the anode (Zn) and results in self-corrosion of the zinc metal which lowers 

active material utilization. At the positive electrode, O2 in the surrounding atmosphere 



59 

 

enters the air electrode and is reduced on the surface of the catalyst material or the 

interface between electrode/electrolyte. Thermodynamically the reactions are 

spontaneous and produce a theoretical voltage of 1.66 V. Though, the redox reactions 

at the oxygen electrode are kinetically slow making electrocatalyst important to 

accelerate the process. In practice these voltages are lower (<1.4V) because of internal 

losses in the cell due to activation losses, ohmic losses and concentration losses. The 

electrochemical reactions cannot be reversed until a large charging voltage (2.0V) or 

higher is applied. The deviation in charge/discharge voltages from equilibrium value 

are mostly due to the substantial overpotentials of oxygen electrocatalysis at the 

positive electrode.68   

Each structural component has its own challenges in zinc-air batteries. In the cathode, 

it is complicated to find a catalyst which enhances both redox reactions (ORR and 

OER). Also, the presence of carbon dioxide (CO2) in the air could cause a carbonation 

reaction with the alkaline electrolyte and disrupting the cell environment. This could 

cause pore blocks in the gas-diffusion layer (GDL) due to the carbonate which limits 

access to outside air.  

The reactions are reversed during recharge with zinc metals plated at the negative 

electrode and oxygen evolving at the positive electrode in rechargeable zinc-air 

batteries. The issue in ZABs is the poor cyclability of the zinc metal because its 

discharge product (zincate) is highly soluble in alkaline electrolytes. During recharge, 

the issue arises due to the zincate not being able to return to the same location on the 

electrode surface triggers electrode shape change and dendritic growth as shown in the 

subsequent sections. These issues will gradually degrade battery performance or more 

seriously short-out the battery.69 
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Catalysts which favour both high activity and long durability are needed to improve the 

reaction at the air cathode in ZABs. The catalysts facilitate the reduction of oxygen to 

hydroxyl ions in an alkaline electrolyte with electrons generated from the oxidation of 

zinc metals in an anodic reaction.70  

2.6.1 Key-performance indicators and round-trip efficiency 

The key-performance indicators in zinc-air batteries include the time (t, hours) the 

battery is able to last before it fails due to a multitude of factors including: electrolyte 

leakage, carbon paper degradation and corrosion, formation of zinc dendrites, hydrogen 

evolution, CO2 reaction hydroxide ions to form carbonates due to the semi-open 

structure of the Zn-air battery leading to water evaporation and battery failure. The 

electrolyte composition can also have an impact on the cycle life of Zn-air batteries and 

increase its cycle life. The main indicators in ZABs are durability, open circuit potential 

(OCV), round trip efficiency, and power density. These indicators can be largely 

influenced by the type of materials used as electrocatalyst at the cathode for ORR/OER; 

the type of electrolyte ï whether with additives or plain 6 M KOH, and the type of zinc-

electrode foil used.  

 

2.7 Electrocatalysts for zinc-air batteries 

Electrocatalysts are catalysts used to facilitate electrochemical reactions involving 

charge transfer (O + ne- ăĄ R). The catalysts for ORR in zinc-air batteries need to 

have the following requirements in order to obtain a desired performance. These 

include high catalytic activity, high electrical conductivity, high chemical and 

electrochemical stability where the catalyst should not be oxidized by proton or oxygen 

at high electrode potentials, it should not dissolve in the electrolyte, must have 
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favourable structural composition, morphology, high specific surface area, high 

porosity, small particle size, an uniform distribution of catalyst species on the glassy 

carbon substrate.71 There is not a unique material that can meet these requirements 

concomitantly. Pt-based catalysts (Pt/C, Pt/VC, Pt/CNTs) are known to be the most 

effective catalysts for ORR. However, their high cost and scarcity renders them 

inefficient for large-scale industrial uses.72, 73 I will talk about these in the next section. 

By alternative, non-precious metal catalysts (NPM) are also really high performing for 

ORR and consist mainly of transition metal nitrogen-doped carbon (MeNC).74-76 The 

third type of ORR catalysts consists of metal-free materials such as nitrogen doped 

reduced graphene oxide (N-rGO), heteroatom co-doped (N/S/P) reduced graphene 

oxide, and nitrogen doped carbon nanotubes (NCNTs).77-81 The Sabatier principle is 

qualitative concept where it postulates that the interactions between catalyst and 

substrate should not be too strong, nor too weak. Weak interactions could lead to failure 

of bond making between catalyst and substrate and suppressing reaction.  

 

2.7.1 ORR catalysts 

2.7.1.1 Pt-based 

It has been always for standard worldwide that Pt is the most prominent and active for 

ORR. Thought its cost and scarcity makes it not ideal for mass usage in batteries, 

alternatives such as alloying Pt with transition metals has been an alternative to reduce 

the cost.82-84 This alloying Pt approach has since seemed to be an effective strategy to 

decrease Pt loading in catalyst, though this was offset by the increasing Pt price. 

Therefore, the long-term solution would not be realistic since it will be costly. Pt 

nanocrystals with different types of high-index facets (e.g. {h k 0}, {h h l}, {h k k}, 
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and {h k l}{h k 0} where (h>k>l>0) have shown increased ORR. These have high 

density of edges, atomic steps, and kinks on their surface which are vital for breaking 

chemical bonds in catalytic reactions.85, 86 The electrocatalytic activity of hexoctahedral 

and concave cubic Pt-Ni alloy nanocrystals with respectively exposed {h k l} and  

{h k 0} high-index facets were much higher than Pt-Ni nanocubes or Pt/C and Pt-black 

catalysts. Therefore, the electrochemical activity of Pt-alloy based electrocatalysts in 

not solely dependent on the loading but also on the morphology of the materials. Metal 

nanocrystals (MNCs) with branched structures are also quite good for catalytic 

applications as these exhibit large surface areas and high specific activities owing to 

high densities of edges, corners, and stepped atoms.87 For example Pt-alloy 

nanocrystals have been synthesized by solvothermal methods using different ligands 

such as Pt(acac)2, Co2(CO)8, Co(acac)3, H2PtCl6, CoCl2, Pd(acac)2 and obtained 

different Pt-M (M= Co, Pd) morphologies like nanowires, flowers, hollow nanocubes, 

tetrahedral as seen in Figure 2.16.88-93 These used a range of organic solvents 

(Ethylenediamine, OAm, Heptanol, DMF) and water as solutions during the reaction 

stage (T=100-200°C; t= 5-24 hrs). Hence, these studies have proven that reaction time 

does influence the shape of metal nanocrystals (MNCs).  

Also, Pt3Ni single crystal with different low index surfaces has seen the activity of ORR 

on Pt3Ni {1 1 1} being higher than on Pt3Ni {1 1 0}. This was due to weaker OH 

adsorption arising from the decrease of the d-band centre on the platinum skin.94 
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One strategy to improve durability of Pt-based electrocatalysts is to use 1D 

nanostructures (nanowires, nanorods, nanotubes) because 1D nanomaterials can avoid 

carbon-corrosion problems, Ostwald ripening, and aggregation compared to 0D 

nanoparticles.95 

 

2.6.1.2 Non-precious metals (NPMs) and metal-free catalysts 

The development of non-precious metal-based electrocatalyst has taken attention in 

research world due to decrease synthesis cost.96, 97 These are cost-effective solutions 

for metal air-batteries. To enhance the support, a material with high surface area is 

needed as back-bone in order to increase the anchoring of nanoparticles on top of it. 

The research has focused on carbon nanomaterials such as carbon black, carbon 

nanotubes and graphene.98-101 Reduced graphene oxide is an excellent support due to 

Figure 2-16 Unit stereographic triangle of polyhedral nanocrystals bounded by 

different crystal planes.91 
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its high surface area, excellent electrical conductivity, and mechanical stability in 

operating environment.102-104 Non-precious metal catalysts consist of transition metal-

nitrogen-doped carbon which include pyrolyzed and non-pyrolyzed transition metal 

nitrogen-containing complexes, transition metal chalcogenides, and metal 

oxides/carbides/carbonitrides. Within these, pyrolyzed transition metal nitrogen 

containing complexes on carbon materials (M-Nx-C) are considered most promising 

due to high activity and stability for ORR similar to Pt/C. Carbon-supported MïN (Mï

Nx/C) materials (M = Co, Fe, Ni, Mn, etc.) formed by the pyrolysis of different metal, 

nitrogen and carbon precursor materials. Other non-precious metal electrocatalyst 

materials investigated include non-pyrolyzed transition metal macrocycles, transition 

metal chalcogenides, metal oxide/carbide/nitride materials. In recent years, high 

temperature heat treatment procedures (400-1000°C) have been introduced to the 

catalyst synthesis process and these have modified the carbon supported M-N-C 

catalyst material increasing concentration of ORR active sites.105,106 

Figure 2.17(a) shows pyrolyzed transition metal and heteroatom doped carbon catalysts 

which show high potential to replace noble metal catalysts for industrial scale with 

reasonable performance to Pt/C in alkaline and acidic conditions.71, 107, 108 In Figure 

2.17(b), the colour plate shows that a functionalized carbon material can be made 

consisting of variety of metals (Mn, Ni, Co, Fe) and heteroatom-modified (S, N, Se, P, 

B) leading to different ORR active combinations.109-114 
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 The right-hand side consists of boron (B), nitrogen (N), phosphorus (P), sulphur (S), 

and selenium (Se) that have been used to change catalytic properties of different 

carbons (graphene, carbon nanotubes, fullerenes, diamond, and amorphous carbon).115-

121  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-17 (a) ORR activity comparison of selected electrocatalysts in literature: non-

noble metal catalysts (), metal-free catalysts (ộ), and Pt/C catalysts (ƺ) in acid 

(closed symbol) and alkaline (open symbol) electrolytes. The highlighted rectangular 

area indicates the reasonable range of limiting currents and half-wave potentials. (b) A 

colour plate representing the various transition metals (left side) and heteroatom 

dopants (right side) that are used to modify the various carbon materials (centre).105 
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Metal-free functionalized carbon materials (graphene, CNT) exhibit impressive 

catalytic activities that are comparable to Pt catalysts.122, 123 

The structural effects arising from nitrogen doping have proven to affect the ORR 

activity as well as topological defects.124 By using DFT calculations, active sites for 

ORR were investigated by Tang et al. and these derived from different structure factors 

like nitrogen doping, topological defects and edge defects such as pyrrolic N, pyridinic 

N, and quaternary N on edge (Q), in bulk phase (QN), five carbon ring (C5), seven 

carbon ring (C7) as well five-carbon ring to seven carbon ring (C5+7) as in Figure 

2.18(a).124  

 

 

 

 

 

 

 

 

Figure 2-18 (a) Schematic illustration of various kinds of N-doping types or topological 

defects on graphene skeleton. (PR: pyrrolic nitrogen; PN: Pyridinic nitrogen.) (b) 

Volcano plots of overpotential versus adsorption energy of OH* for ORR and OER. (c) 

Schematic illustration of optimized adsorption mode of C5+7 interacting with O, OH, 

and OOH species (from top to bottom). Diagrams for showing the calculated free 

energy for ORR proceeded at pH = 0 on (d) graphene with C5+7 defect and (e) pyrrolic 

N. The colour of elements: carbon (gray), hydrogen (white), oxygen (blue), and 

nitrogen (red).122 

 

 



67 

 

It was found that the sites neighbouring the edge exhibited lower overpotential in ORR 

implying the influence of edge defects on ORR. Heptagon and pentagon carbon rings 

which are topological defects to the standard hexagonal graphene structure, can lower 

the overpotential of ORR compared to pristine graphene as studied through DFT studies 

in the volcano plot in Figure 2.18(b). Free energy diagrams of ORR sub-steps on the 

active sites show that the r.d.s. is the transformation of O* to OH* for pyrrolic N while 

desorption of OH- from C5+7 serves as r.d.s in Figure 2.18(d, e) implying that C5+7 

defect promote adsorption of oxygen intermediates. 

Nitrogen-doped carbon (NC) catalysts may be attributed to the larger electronegativity 

of the N with respect to C atoms, and the consequent positive charge density on the 

adjacent C atoms. These factors may result in favourable adsorption of O2 molecules 

and improved activity for the ORR. Also, CNTs have attracted much attention and great 

interest for various application in addition to catalysis including H2 storage and 

heterogeneous catalysis. 

 

2.7.2 OER catalysts 

OER electrocatalyst first consisted of precious metals.125 Man et al. used a descriptor 

consisting of the energy states of two subsequent intermediates (HOO* and HO*) to 

study the OER activity of different compounds and this formed a volcano plot as seen 

in Figure 2.19. Intermediates cannot react in the case of weak oxygen bonding limited 

to oxidation (HO*) while for strong oxygen bonding intermediates are quite stable and 

potential is limited by HOO* species formation. From this we can gather that RuO2, 

Co3O4, NiO, PtO2 SrCoO3, LaNiO3 are the best catalysts for OER since they lie at the 

top of the volcano. These oxides have metallic conductivity which can effectively 
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reduce the ohmic drop while n-type and p-type semiconducting oxides like Co3O4 due 

to a possible double-layer formation.  

 

 

 

The non-precious metal (NPM) OER catalysts consists of transition metals and 

transition metal oxides/hydroxides as these are relatively stable in basic electrolyte. 

Though most interest has been on oxides side, there is still more to investigate on the 

role of transition metal sulphides/phosphides for OER. Yang et al. have shown good 

OER activity for an amorphous cobalt sulphide nanocubes.126 For example Co3S4 is 

particularly interesting compound due to its structural similarities to well-known Co3O4 

OER catalyst.127 The OER can be further improved by adding additional elements such 

as cobalt nickel on electrically conductive graphene making a hybrid bimetallic 

transition metal sulphide on reduced graphene oxide.128 Also, Antonietti et al. showed 

that nickel sulphide nanosheets could perform highly compared to RuO2 and IrO2.
129  

Figure 2-19 Theoretical overpotential for oxygen evolution vs. the difference between 

the standard free energy of two subsequent intermediates (ȹG0O* ī ȹG0HO) for 

various binary oxides (left) and perovskite oxide (right). 
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2.8 Challenges and objectives 

2.8.1 Challenges  

The main drawbacks in rechargeable zinc-air batteries (ZABs) are to be able to find 

efficient air electrode catalysts for the oxygen reduction reactions (ORR) and oxygen 

evolution reaction (OER) for discharging and charging the ZAB respectively. The 

sluggish ORR and low OER kinetics together with the large overpotential contribute to 

the drawbacks associated with ZAB. Hence, key challenge is to develop novel 

bifunctional air electrocatalysts that are effective for both ORR and OER processes 

which in turn could lead to exceptional performances in zinc-air batteries during 

discharge and charge times, respectively. 

Problems in the air electrode are that it is strongly irreversible with a high activation 

overvoltage in aqueous solutions. Benefitting from relatively facile oxygen reduction 

in alkaline solutions, ZABs utilizing alkaline solutions do not need a pure noble metal 

catalyst. The cathodic activation, ohmic and mass transport losses, requirement of high 

activation energy for O2 reduction, and relatively high O=O bond strength have 

collectively hampered the ORR kinetics. The challenges on ORR catalysts synthesis 

optimization is ongoing, owing to an ineffective O2 accommodation and subsequent 

reduction, less electron and proton transfer rates. Nonprecious metal catalysts (NPM) 

have attracted much attention owing to their low cost and electrocatalytic activity, yet 

their durability still must be significantly improved.  

The challenge is to provide new surface properties and synthesis strategies for 

continuously improved catalytic activity. The use of an interconnected 3D carbon 

porous network identified using a composite of manganese oxide nanoparticles on 

carbonized melamine/l-cysteine porous materials has shown to increase the specific 
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surface area and increase in active sites. Graphene oxide and its nitrogen doped/co-

doped derivatives (with nitrogen, sulphur, phosphorus) also possess good 

electrocatalytic activity for ORR and they have been investigated as potential non-

precious metal based electrocatalysts. Their performance for OER is questionable as 

the lack of metal complexes in the metal-free carbons makes it hard to achieve 

reasonable current densities and low overpotentials in OER, with respect to the 

thermodynamic potential (1.23 V).  

For oxygen evolution reaction (OER), the challenge is to obtain electrocatalysts that 

must possess a very high density of catalytic active sites accessible through fast electron 

transfer processes. In other words, an ideal catalyst for OER must also be a good 

electronic conductor to provide oxidation equivalents at high enough rate to avoid 

limiting the reaction rate. In addition, it must be chemically stable and resistant to 

corrosion in the presence of the electrolyte at normal operating conditions (high 

temperatures and applied positive potentials). In fact, most materials are decomposed, 

or transformed into less active crystalline phases, or dissolved in such harsh conditions. 

In general, two main strategies are being used to improve continuously the electro-

catalytic activity: (a) active site engineering and (b) conductivity optimization. The first 

one is based on the control of size, morphology, intrinsic and lattice defects, as well as 

the crystalline phase, in order to maximize the density of accessible active sites; while 

the conductivity is being improved by incorporation of oxygen vacancies, doping with 

hetero-atoms and/or by incorporation of conducting materials in composites. 

The challenges which need to be overcome also include the appropriate selection of 

electrolyte solutions (e.g. in the presence of additives) and how they influence the rates 

of electrochemical reactions taking place at each electrodes surface. The potential in 
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minimizing these losses can lead to commercialization of rechargeable zinc-air 

batteries. Methods to avoid dendritic zinc from forming is through the application of 

non-aqueous electrolytes, especially ionic liquids. The nature of the electrolyte has a 

strong influence on the structure of the deposited metal. Using these electrolytes, 

carbonate formation is avoided because there are no bases present. The additives inside 

the electrolyte are not able to prevent dendrite formation for many cycles. The problem 

of dendrite growth in the case of fast charge can be overcome namely by electrolyte 

flow and using a pulsating current. In addition, zinc ions in the electrolyte can obtain 

more energy at high temperature, which can overcome the obstacles of the electric field 

force and electrochemical reaction of the concentration gradient, thus retarding dendrite 

growth to some extent. 

 

2.8.2 Objectives and resolutions 

1. The objective of this thesis is to obtain electrocatalysts for both ORR and OER 

that could attain desirable characteristics such as low onset potentials, high 

limiting current densities, highly porous, 4 e- transfer reactions, low Tafel 

slopes, half-wave potentials for both ORR and OER, electrochemically stable 

and non-corrosive that can withstand long cycle times and maintain strong 

electrochemical properties (onset potentials, halfwave potentials, 

overpotentials, limiting current densities, Tafel slopes, electron transfer).  

2. This has been accomplished using a methodical approach to develop 

electrocatalysts for ORR/OER that have high surface areas using a technique 

called pyrolysis at high temperatures to introduce in the catalyst structure active 

sites, nitrogen doping, defects, engineering of the materials based on continuous 
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sample synthesis and rationalization of the optimal catalyst through physical 

characterization (SEM, XPS, TEM, XRD, Raman spectroscopy, FTIR) and 

electrochemical characterization (half-cell RDE with cyclic voltammetry, linear 

sweep voltammetry and durability tests in alkaline electrolyte solution). 

3.  Once, the ideal catalyst for ORR/OER was found it was compared to previous 

literature and existing materials in this thesis. Where there was exceptional 

performance in both ORR and OER potential windows with low potential 

difference between the two points of interest, the materials were used as 

bifunctional catalysts (ORR+OER) for zinc-air batteries using a closed cell 

configuration. This has been achieved through the integration of metal-sulphide 

complexes (cobalt sulphides) in the catalyst structure consisting of nitrogen 

doped reduced graphene oxide.  

4. The studies of their electrochemical performance revealed that these materials 

attained strong electrochemical stability and low corrosion in both the initial 

and final cycles of the zinc-air battery. Their performance was compared to both 

commercial noble metal based electrocatalysts (Pt/C, Ir/C) to determine their 

relative stability and the strong attachment of the catalyst on the carbon paper 

electrode surface. The presence of cobalt sulphide nanoparticles on the N-doped 

rGO revealed that these materials could be used as viable alternatives to more 

expensive materials such as Pt/C, Ir/C and RuO2 for both ORR and OER, 

respectively. The electrocatalysts were finally compared to previous 

synthesized materials as well for ORR as the OER performance was much 

higher when there was presence of cobalt complexes in the materials. 
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Chapter 3 . Experimental Methods 
 

 

3.1. Synthesis 

The methods which have been used to synthesize the materials include 

hydrothermal annealing, modified Hummers method for the synthesis of 

graphene oxide (GO) and carbonization/pyrolysis of the samples at high 

temperature to obtain porous high surface area nanocarbon materials.  

 

3.1.1 Hydrothermal synthesis 

Hydrothermal synthesis is a solution reaction-based synthesis approach important in 

inorganic synthesis. It refers to synthesis through chemical reactions in an aqueous 

solution above the boiling point of water. Solvothermal synthesis is a non-aqueous 

hydrothermal approach at relatively high temperature (100-1000°C) and pressure (1-

100 MPa). By convention, hydrothermal and solvothermal reactions are conducted in 

specially sealed containers or high-pressure autoclave under subcritical/supercritical 

conditions of solvent. Studies have mainly focused on the reactivity of reactants, 

experimental conditions (reaction temperature, reaction time), and their relationships 

to structures and properties of products.130-132 Main difference between hydrothermal 

and solid-state reactions are in the reactivity. Hydrothermal reactions have reactant ions 

and/or molecules react in solution while solid-state reactions depend on diffusion of 

raw materials at the interface. Hence, products of different morphology could be 

obtained using same reactants but different method. A series of hydrothermal and 

solvothermal approaches have become extremely popular in synthesis of inorganic 
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functional materials, hybrid nanomaterials, and carbonaceous (reduced graphene oxide) 

materials.133-136 Hence, the advantages of hydrothermal over solid-state approach 

include: ability to carry out synthetic reactions at temperatures not possible due to 

evaporation of solvent in solid-state synthesis; ability to obtain special valence states, 

metastable structures, aggregation states and metastable phases.137, 138 One great 

advantage is the ability to reduce graphene oxide in aqueous solution as well as doping 

into the structure of the graphene oxide. The temperature range of 100-240°C is in the 

subcritical range. Also, itôs possible to obtain perfect crystals with thermodynamically 

equilibrium defect, controllable morphology, and particle size and make ion-doping 

(e.g. B, N, P, S) in the synthetic reaction. Large variety of nanomaterials have been 

synthesized using this approach. Hydrothermal synthesis can generate nanomaterials 

which are not stable at high temperatures and in turn generate high yields compared to 

conventional heat methods. Water is environmentally safe and cheaper than other 

solvents and is the most common solvent in hydrothermal and solvothermal methods. 

At high temperatures and pressures, the density, viscosity and surface tension of water 

will be lower and ion product will be higher (Figure 3.1).139 Due to increased ionization 

constant of water for increased temperature, the hydrolysis reaction for indissolvable 

inorganic materials at room temperature can be dissolved at elevated temperatures and 

pressures. Nanoscale rare earth hydroxides, graphene-CuO nanocomposites, cobalt 

sulphides-reduced graphene oxide-nickel sulfide, iron oxide nanoparticles, tin oxide 

nanoparticles, nickel oxide nanowires and many more have been synthsized by 

hydrothermal treatment in the past showing great catalytic performance.140-145 At the 

beginning of the reaction the concentration of metal atoms increases beyond saturation 
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concentration. As concentration reaches nucleation concentration nuclei form and 

metal atoms concentration decreases below nucleation concentration. 

 

 

 

 

 

 

 

 

 

 

 

The temperature has an impact on the synthesis of metal nanocrystals. Viscosity of 

synthetic media decreases with increasing temperature, and the mobility of dissolved 

ions and molecules is higher under solvothermal conditions than room temperature. The 

solvent dielectric constant is reduced at high temperature and can affect the solubility 

of the reactants. Materials that are inert can become active and can undergo reactions 

not possible by regular synthesis methods. For example nanocrystals, can be grown 

under different conditions where experimental parameters can affect the nucleation and 

growth of metal in solution-phase synthesis and influence the specific shape of the 

product.146 

 

Figure 3-1 The plots of temperature-density of water with pressure as a parameter.137 



76 

 

3.1.2 Synthesis of MnO2 nanomaterials 

Manganese oxide nanotubes were synthesized using a solution of 2.5 mmol 

potassium permanganate (KMnO4, Sigma Aldrich) and 10 mmol HCl solution 

(37%, Sigma Aldrich) in 20 mL DI H2O.147 The mixture was stirred for 30 

minutes until a uniform solution was obtained. This solution was later transferred 

in a 50 mL stainless steel Teflon autoclave for hydrothermal annealing. It was 

placed in an oven for 12 hours at a temperature of 140°C. The product was then 

filtered and washed several times with de-ionized water and ethanol to remove 

acidic compounds and bring the pH of the solution to 7. After washing and 

rinsing, the sample was dried at 80°C overnight and subsequently collected. 

MnO2 nanospheres have also been synthesized consisting of sheets using same 

precursors but changing reaction time and temperature to 4 hours and 120°C, 

respectively. 

 

3.1.3 Synthesis of MnO2@CNT-G (MCG) hybrid materia l 

In a typical procedure for the synthesis of the MnO2@carbon nanotubes-

graphene sheets, MWCNTs (10 mg, Sigma Aldrich, L 7-15 nm × 0.5-10 ɛm) 

were ground with KMnO4 (100 mg, Sigma Aldrich) crystallites by using a mortar 

and pestle to make a uniform powder mixture.148 Then, 10 mL of DI H2O (18.2 

MÝ) was added to the mixture and stirred at room temperature (22ÁC) for 6 

hours. Subsequently, 200 µL of concentrated H2SO4 (95-98%, Sigma Aldrich) 

was added into the solution and stirred for 1 hour. H2SO4 was added for further 

oxidisation. KMnO4, due to its higher content in the ensemble, contributes as a 

weak oxidising agent. After that, the solution was heated in an oil bath at 80°C 
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for 1 hour. The reaction mixture was then removed from the heat source. And 

poured into 50 mL of DI water to cool down and dilute. The solution was then 

filtered over a PTFE membrane (0.22 µm pore size), and the remaining solid was 

washed repeatedly with DI water for several times. 

 

3.1.4 Synthesis of nitrogen and sulphur co-doped carbon (N-C_800, N-C_1000 and 

N-S-C_1000) 

The materials used to synthesize N-S-C_1000 were l-cysteine (97%, Sigma Aldrich) 

and melamine (99%, Sigma Aldrich) with a mass ratio of 1:4, optimized ratio according 

to a previous procedure.149 These were successively grind in a mortar and pestle to 

obtain a uniform mixture. This mixture was then placed in a ceramic boat inside the 

furnace. Subsequently, a temperature of 600°C (2.5°C min-1) was first set for 

polymerization process (2 hours) and subsequently at 1000°C (2°C min-1) for 2 hours 

under nitrogen atmosphere. The procedure was used to synthesize N-C_1000 as well 

by instead using l-serine (>99%, Sigma Aldrich) and melamine (1:4). For N-C_800, the 

target temperature was set at 800°C. 

 

3.1.5 Synthesis of manganese oxide nanoparticles on nitrogen doped mesoporous 

carbon (N-S-C@MCG_1000, N-C@MCG_1000) 

The manganese oxide nanoparticles on N-doped mesoporous carbon  

(N-S-C@MCG_1000) were synthesized by grinding together in a stainless-steel 

mortar and pestle the l-cysteine/melamine (1:4) with MnO2@CNT-G, previously 

synthesized. The grinding was performed to mix the initial precursors with MCG, 

the grey-like powder was transferred to a ceramic boat and kept for 2 hours inside 
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the tubular furnace at a ramp rate of 2.5 °C min-1 until 600°C and then 2 °C min-

1 until 1000°C (Figure 3.2). At each temperature step (600°C, 1000°C), the 

samples were kept 2 hours at the respective constant temperature for the 

polymerization and carbonization processes to complete.  

 

3.1.6 Graphene oxide (GO) 

3.1.6.1 Graphene oxide (GO-1) 

Graphene oxide (GOx) was synthesized using a previously reported procedure150 

(Hummers Method). Materials and chemicals used were graphite powder (3 g,  

<20 µ Sigma Aldrich), concentrated sulphuric acid (115 mL, H2SO4, Sigma Aldrich), 

potassium permanganate crystallites (15 g, KMnO4, Ó99% Sigma Aldrich), hydrogen 

peroxide solution (30 mL, H2O2 Sigma Aldrich, 30 wt.%), 0.1 M hydrochloric acid 

(HCl, Sigma Aldrich), 0.1 M sodium hydroxide (NaOH pellets, Sigma Aldrich) and 

deionized water (DI H2O).  

Figure 3-2 Schematic illustration of the synthesis steps for N-S-C@MCG_1000. 
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The initial synthesis starts by taking a round bottom flask and mixing graphite powder 

with H2SO4 at 800 rpm overnight till all the particles are full dispersed in the solution. 

The temperature of the solution is carefully monitored throughout the synthesis process 

using a calibrated thermometer. The potassium permanganate crystallites are 

subsequently added to the solution in a very slow process in order to keep the reaction 

temperature below 20°C. In a typical process, 15 g of KMnO4 are added in a time frame 

of 12 hours each to allow for a uniformly dispersed solution. This has been done in 

order to avoid an abrupt increase in temperature due to the presence of the KMnO4 

oxidising agent. To allow for a complete oxidation of the graphite precursor, the 

mixture is left stirring overnight. The colour of the solution gradually changed from 

dark black (un-oxidised graphite) to dark green after the addition of the potassium 

permanganate. Subsequently, the solution is transferred to an ice bath. Once the 

solution temperature reaches -10-0°C, 115 mL of de-ionized water will be added to the 

reaction mixture very slowly as before. After adding the initial few drops, there will be 

noticeable bubbles at the solutions surface indicating the oxidation reaction occurring 

due to acid-neutral reaction. In this step, the reaction temperature will be kept at 95°C 

for 2 hours. The dark green solution will gradually start oxidising in time and this will 

be noticeable by a colour change to dark yellow-light brown. This indicated that the 

initial graphite has been oxidised, where hydroxyl and carboxyl functional groups have 

been added to the initial carbon structure creating an interconnected lattice of carbon 

atoms ligated with -OH, -COOH, and nitrile groups. Afterwards, the solution was 

transferred to an oil bath for subsequent reaction step. The temperature was set at 40-

45°C and the mixture was left for 6 hours under constant stirring. The colour of the 

solution gradually changes and starts becoming lighter with increasing oxidation 
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reaction time. The final step will be the addition 30 mL of hydrogen peroxide solution 

(30 wt.%) where there will be a remote control of the temperature of the solution since 

the oxidation process has been completed. The addition of H2O2 is to oxidise any 

unoxidized graphite. The solution was kept stirring overnight for further treatment and 

purification. Subsequently, the GOx solution was washed using 0.1 M HCl to remove 

any left-over metal impurities. Then, it was repeatedly washed using 6-7 L DI water to 

neutralize the solution and bring the pH to approximately 7. The solution was filtered 

to remove the supernatant. The solid product was freeze-dried to collect the GOx sample 

denoted as GO-1. 

3.1.6.2 Graphene oxide (GO-2) 

GO was synthesized in three more batches to validate the reproducibility of the 

experiments using the modified Hummers Method and varying experimental 

parameters such as H2SO4, NaNO3, KMnO4 and temperatures used. The GO-2 batch 

was synthesized using graphite powder (4 g) stirred with cold concentrated H2SO4 (48 

mL) in an ice bath. Afterwards 12 g of KMnO4 were added ensuring that the 

temperature did not exceed 20°C. The solution then had a colour change from black to 

dark green. The solution was then removed from the ice bath and left 2 hours stirring. 

The following day the solution is kept at 80°C uniformly across the reaction vessel and 

then water (90 mL) is gradually added dropwise to ensure the temperature did not pass 

100°C. The solution turned brown at this point. The solution was then stirred for more 

time and finally more water (300 mL) was added. H2O2 (30 mL) was then added slowly 

which resulted in foaming and solution turning light brown-yellow. Solution was then 

stirred for 30 minutes at 30°C. The solution was then left overnight where GO particles 

at the bottom of the flask were separated by centrifugation. The solution was then 
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washed until the pH was neutral and subsequently freeze dried. The sample was denoted 

as GO-2. 

3.1.6.3 Graphene oxide (GO-3) 

Next batch consisted of GO-3. This was synthesized using the same previous modified 

Hummers method but with the addition of NaNO3 (2 g) agent. Here NaNO3 was added 

to H2SO4 concentrated (60 mL) and stirred until it was dissolved in the solution. 

Afterwards, 2 g of graphite powder was added to the solution under stirring. KMnO4 

(12 g) was subsequently added to the solution slowly in order to keep the temperature 

below 20°C. This resulted in the solution turning dark green as expected from previous 

batches and afterwards stirred at 35°C for 4 hours. Then, H2O2 was added gradually 

dropwise to the solution where it resulted in turning to dark yellow and left to stir at 

constant temperature of 35°C for 2 hours. The solution was then washed with 0.1 M 

HCl solution to remove any remaining salts followed by washing in 2 L of water until 

it was pH=7.  

3.1.6.4 Graphene oxide (GO-4) 

The final batch was GO-4, a further validation of modified Hummers method and the 

main GO precursor used in the synthesis of optimized catalysts in Chapter 5 and 

Chapter 6 of this thesis. Here, the optimized graphene sample was synthesized using 

graphite powder (2 g) stirred with H2SO4 (10 mL) in an ice bath and then KMNO4 (6 

g) was added gradually to the solution. Subsequently the solution was kept at 80°C for 

4 hours. The solution had a gradual colour change from black to dark green as the 

oxidizing agent was added. This resulted in a gradual oxidation of the graphite starting 

material. The solution was left for 4 hours at 35°C and later to cool overnight and be 

observed the subsequent day. It was observed afterwards that the solution remained 
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dark green implicating the strong oxidizing effect of the agents used in the synthesis 

procedure. To the solution was added H2O2 (15 mL) resulting in a colour change from 

dark green to yellow-light brown as expected from previous batches.  

The sample was then collected, washed, freeze dried and dried in air. GO-4 was 

obtained from this synthesis procedure (Figure 3.3). 

 

 

a) b) 

c) d) 

Figure 3-3 (a) Graphite powder turning dark green upon oxidation with KMnO4. (b) 

The four different batches of GO synthesized including GO-1, GO-2, GO-3, and  

GO-4. (c) A prepared solution of GO-4 where it can be observed the light brown-yellow 

colour of graphene oxide. (d) An illustration of the GO-3 and GO-4 synthesis where it 

can be observed the much lighter (quasi-yellow) colour of GO-4 on the right flask. 
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3.1.7 Reduced graphene oxide (rGO) 

3.1.7.1 Chemical reduction 

Reduction of graphene oxide can be carried out both using chemical method and 

hydrothermal reactions.151-155 The first method consisted of adding 1 g of L-ascorbic 

acid (ACS reagent Ó99%, Sigma Aldrich) to the graphene oxide solution. After stirring 

for 1 hour, the reaction mixture was removed from the stir plate in order for the 

graphene to settle down and the reaction mixture changing colour from brown to black 

indicating the partial reduction of graphene oxide (Figure 3.4). Subsequently, the 

solution was placed to heat at 95°C for 2 hours. After cooling down, the solution was 

centrifuged and washed in order to remove any acid and metal impurities left at 6000 

rpm.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3-4  Chemical reduction of graphene oxide by using L-ascorbic acid (Vitamin 

C) depicting the successful reduction of GO to rGO as can be noted by the dark black 

colour in the sediment of the solution. 
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3.1.7.2 Hydrothermal reduction 

In another scenario, 10 mg of GO was mixed with 10 mL of DI water (1 mg mL-1). The 

solution was stirred for 1 hour to allow a complete dissolution of GO particles in 

solvent. Subsequently, the solution was transferred to a 25 mL Teflon stainless-steel 

autoclave for hydrothermal annealing (Figure 3.5). The GO solution was treated at 

160°C for 15 hours in air. When the reaction completed, the dark brown GO solution 

will change into a hydrophobic carbon (rGO) in water solution. Once collected, the 

sample was repeatedly washed using DI water and afterwards freeze dried. In the final 

step, reduced graphene oxide is subjected to high temperature pyrolysis at 800°C 

respectively for 2 hours in Ar atmosphere. This enhances the complete exfoliation of 

the graphene oxide and subsequent reduction to graphene. The pyrolysis step enhances 

the porosity of the carbon and creates a carbon network.  

a) 

b) c) 

Figure 3-5 (a) Hydrothermal reduction method of graphene oxide to reduced graphene 

oxide (rGO) depicting the reaction vessels made of Teflon. Here, three samples were 

considered using GO-2, GO-3, and GO-4. (b-c) High temperature annealing of 

graphene oxide to yield rGO-800-1-step, rGO-800-3-step. 
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3.1.8 Nitrogen-doped (N-rGO) and co-doped sulphur and phosphorus (N-S-rGO, 

N-P-rGO) reduced graphene oxide 

3.1.8.1 N-doped rGO 

N-doped rGO was synthesized first by making a solution of GO-4 (4 mg mL-1) in DI 

H2O. Then, this was sonicated and stirred for 50 minutes. Subsequently, melamine 

(99%,Sigma Aldrich) and urea (99-100.5%, Sigma Aldrich) were used as nitrogen 

agents for incorporation of nitrogen functionalities in GO structure. Melamine was 

stirred with the GO solution in a weight ratio 1:3 for 50 minutes and subsequently 

sonicated for 30 minutes to obtain N-GOMEL solution. For the urea case, a similar 

procedure was used where GO (4 mg mL-1) was stirred urea in weight ratio 1:5 and 

sample denoted as N-GOurea. Nitrogen doped reduced graphene oxide was produced by 

hydrothermal reduction of N-GOmel and N-GOurea where these were placed in two 

different 50 mL Teflon lined hydrothermal chambers and heated at 160°C for 15 hours 

in stainless steel autoclaves. The resulting products post-hydrothermal treatment were 

centrifuged and then dried in air at 60°C overnight. The as-obtained products were 

denoted as N-rGOmel and N-rGOurea. In a third step, N-rGOmel and N-rGOurea were 

pyrolyzed in a horizontal tube furnace at 800°C for 2 hours under Ar atmosphere at a 

ramp rate of 5°C min-1 to obtain N-rGO-800mel and N-rGO-800urea. 

 

3.1.8.2 N-S-doped-rGO  

Nitrogen-sulfur co-doped reduced graphene oxide was synthesized first by dissolving 

GO in DI H2O at a concentration of 4 mg mL-1 denoted as solution A. Solution A was 

stirred for 50 minutes and sonicated for 30 minutes. Subsequently, thiourea (weight 

ratio 1:25, Sigma Aldrich) and melamine (weight ratio 1:3, Sigma Aldrich) were stirred 
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in solution A for 30 minutes and subsequently sonicated for 30 minutes to obtain a 

uniform solution. This sample was denoted as N-S-GO. To reduce this, the solution was 

subsequently transferred to a Teflon liner of 50 mL volume and heated at 160°C for 15 

hours. Post-heating, the sample was washed and centrifuged with DI H2O and the 

sediment product was dried in oven at 60°C overnight to obtain N-S-rGO. 

N-S-rGO was further reduced by pyrolysis carbonization process in a high temperature 

tube furnace at temperature of 800°C at a ramp rate of 5°C min-1 under Ar atmosphere 

to obtain N-S-rGO-800. 

 

3.1.8.3 N-P-doped-rGO 

Nitrogen-phosphorus co-doped reduced graphene oxide was synthesized first by 

dissolving GO in DI H2O at a concentration of 4 mg mL-1. Subsequently, ammonium 

dihydrogen phosphate (ADP, 500 mg, Sigma Aldrich) was mixed in the GO solution 

and sonicated for 30 minutes to obtain a uniform solution. This sample was denoted as 

N-P-GO. To reduce this, the solution was subsequently transferred to a Teflon liner of 

50 mL volume and heated at 160°C for 15 hours. Post-heating, the sample was washed 

and centrifuged with DI H2O and the sediment product was dried in oven at 60°C 

overnight. The reduced sample was denoted as N-P-rGO. N-P-rGO was pyrolyzed at 

800°C for 2 hours at a ramp rate of 5°C min-1 under Ar atmosphere to obtain N-P-rGO-

800. 

3.1.9 Cobalt sulphide nanoparticles on N-doped reduced graphene oxide 

3.1.9.1 Co xSy-NRG-4 

First, graphene oxide was prepared as previously indicated through modified Hummer 

method. From previous experiments, GO-4 was used as the optimal graphene oxide 
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precursor material. In a typical synthesis, graphene oxide (GO-4, 320 mg) was added 

to an aqueous solution of cobalt acetate tetrahydrate, thiourea and melamine in mmol 

ratios of 2.44 : 13 : 1.98. The final total volume of the solution was adjusted to 80 mL 

It was then stirred for 50 minutes and sonicated for 30 minutes. The flask was not 

subjected to any external heat treatment, and sonication was carried out at low 

temperatures. To reduce the GOx, (4 mg mL-1), the solution was subsequently 

transferred to a Teflon liner of 100 mL volume and heated at 160°C for 15 hours. After 

hydrothermal treatment, the sample was washed and centrifuged with DI H2O and the 

sediment product was dried in oven at 60°C overnight. The GO was converted to rGO 

upon hydrothermal reduction, and the sample was denoted as CoxSy-NRG-4.  

Samples were also synthesized using GO-1, GO-2, and GO-3. A comparison has been 

made also with commercial GO.  

3.1.9.2 Co xSy-NRG-1 

First, graphene oxide was prepared as previously indicated through modified Hummer 

method. From previous experiments, GO-1 was used as graphene oxide precursor 

material. In a typical synthesis, graphene oxide (GO-1, 320 mg) was added to an 

aqueous solution of cobalt acetate tetrahydrate, thiourea and melamine in mmol ratios 

of 2.44 : 13 : 1.98. The final total volume of the solution was adjusted to 80 mL It was 

then stirred for 50 minutes and sonicated for 30 minutes. The flask was not subjected 

to any external heat treatment, and sonication was carried out at low temperatures. To 

reduce the GOx, (4 mg mL-1), the solution was subsequently transferred to a Teflon 

liner of 100 mL volume and heated at 160°C for 15 hours. After hydrothermal 

treatment, the sample was washed and centrifuged with DI H2O and the sediment 
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product was dried in oven at 60°C overnight. The GO was converted to rGO upon 

hydrothermal reduction, and the sample was denoted as CoxSy-NRG-1.  

3.1.9.3 Co xSy-NRG-2 

First, graphene oxide was prepared as previously indicated through modified Hummer 

method. From previous experiments, GO-2 was used as the graphene oxide precursor 

material. In a typical synthesis, graphene oxide (GO-2, 320 mg) was added to an 

aqueous solution of cobalt acetate tetrahydrate, thiourea and melamine in mmol ratios 

of 2.44 : 13 : 1.98. The final total volume of the solution was adjusted to 80 mL It was 

then stirred for 50 minutes and sonicated for 30 minutes. The flask was not subjected 

to any external heat treatment, and sonication was carried out at low temperatures. To 

reduce the GOx, (4 mg mL-1), the solution was subsequently transferred to a Teflon 

liner of 100 mL volume and heated at 160°C for 15 hours. After hydrothermal 

treatment, the sample was washed and centrifuged with DI H2O and the sediment 

product was dried in oven at 60°C overnight. The GO was converted to rGO upon 

hydrothermal reduction, and the sample was denoted as CoxSy-NRG-2.  

 

3.1.9.4 Co xSy-NRG-3 

First, graphene oxide was prepared as previously indicated through modified Hummer 

method. From previous experiments, GO-3 was used as the graphene oxide precursor 

material. In a typical synthesis, graphene oxide (GO-3, 320 mg) was added to an 

aqueous solution of cobalt acetate tetrahydrate, thiourea and melamine in mmol ratios 

of 2.44 : 13 : 1.98. The final total volume of the solution was adjusted to 80 mL. It was 

then stirred for 50 minutes and sonicated for 30 minutes. The flask was not subjected 
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to any external heat treatment, and sonication was carried out at low temperatures. To 

reduce the GOx, (4 mg mL-1), the solution was subsequently transferred to a Teflon 

liner of 100 mL volume and heated at 160°C for 15 hours. After hydrothermal 

treatment, the sample was washed and centrifuged with DI H2O and the sediment 

product was dried in oven at 60°C overnight. The GO was converted to rGO upon 

hydrothermal reduction, and the sample was denoted as CoxSy-NRG-3.  

 

3.1.10 Molecular structure of reagents and precursors used in the synthesis of 

electrocatalysts 

 

 

 

 

 

 

 

 

 

 

 

 

 

Melamine C3H6N6 

Urea CHϞNϜO 

Thiourea CH4N2S 
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3.1.11 Summary diagrams  

3.1.11.1 Graphene oxide synthesis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-6 Schematic diagram for the synthesis of Graphene oxide (GO) by modified Hummers Method. 
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3.1.11.2 Nitrogen-doped reduced graphene oxide and co-doped (nitrogen-sulphur, 

nitrogen-phosphorus) reduced graphene oxide synthesis 

 

 

 

Figure 3-7 Summary of synthesis routes for heteroatom doped reduced graphene oxide 

nanocarbon electrocatalysts in Chapter 5. 
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3.1.11.3 Cobalt sulphide nanoparticles on nitrogen-doped reduced graphene 

oxide (rGO) 

 

 

 

 

 

 

 

 

 

Figure 3-8 Summary synthesis routes for cobalt sulphide nanoparticles on nitrogen-

doped rGO in Chapter 6. 
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3.2 Physical characterization methods  

The characterization methods used to analyse the samples were XRD, XPS, 

SEM, EDS, TEM, BET, TGA, Raman and FTIR. These were thoroughly used to 

investigate the structural, morphological, and physical properties of the samples. 

 

3.2.1 X-ray diffraction (XRD)  

XRD is a useful technique used to identify the crystalline phase and orientation of 

nanomaterials. XRD is based on constructive interference of monochromatic X-rays 

and a crystalline sample (Figure 3.9). X-rays are generated by a cathode ray tube and 

filtered to produce monochromatic radiation directed towards the sample.156 The 

interaction of incident rays with sample produces constructive interference when 

conditions satisfy Braggôs law: 

 

nɚ = 2dsin— (3.1) 

 

where n is an integer, ɚ is the wavelength of the X-rays, d is the interplanar 

spacing generating the diffraction, and — is the diffraction angle. The positive 

aspects of XRD are that it allows to determine the structural properties including 

lattice parameters, strain, and grain size.   

A typical XRD instrument consists of an x-ray tube, a sample holder, and an x-

ray detector. When electrons have sufficient energy to dislodge inner shell 

electrons of the target material, characteristic x-ray spectra are produced. Spectra 

consist of several components including KŬ and Kɓ. The unit cell is the basic 
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building unit that defines a crystal and is used to determine its properties of 

crystallinity such as faces and orientation. 

 

 

 

 

 

 

 

 

 

 

Parallel planes of atoms intersecting the unit cell are used to define directions 

and distances in the crystal. These crystallographic planes are defined by the 

Miller indices (hkl). Diffraction occurs when each object in a periodic array 

scatters radiation coherently, producing concerted constructive interference at 

specific angles. Electrons in an atom coherently scatter X-rays. Electrons interact 

with the oscillating electric field of the X-ray. Atoms in a crystal form a periodic 

array of coherent scatterers. XRD was carried out using a Bruker D4 Endeavor 

Figure 3-9 Principle of XRD operation where an incident beam of monochromated X-

rays strike upon aligned lattice planes in a crystalline sample. Planes are separated by a 

distance d, and the beam touches the plane at angle — to the plane. 
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with Cu K-Alpha X-ray source of 1.54 Å and also on a Mo-K-alpha source of 

0.71 Å. 

  

3.2.2 X-ray photoelectron spectroscopy (XPS) 

 XPS is a spectroscopic technique used to measure the elemental composition, 

chemical state and electronic state of the elements of a material. A primary beam 

of soft X-rays (e.g. Al KŬ with photon energy 1486.6 eV) interacts with the 

species (Figure 3.10). This leads to excitation and subsequent ejection of low 

energy electrons resulting from photoionization of the atoms molecules or ions 

in the samples. The irradiation of beams allows to obtain XPS spectra.157 Photon 

energy given by Einstein relation: E = hɡ where óhô is Planckôs constant and óɡô 

is the frequency (Hz) of radiation photo-excite a 1s electron of binding energy 

EB relative to the Fermi level and an additional term sample work function ʌsample 

is needed to remove the electron from species. Hence conservation of energy 

requires that: 

     EB = hɡ ï Ek ï ʌ                      (3.2) 

The determined electron binding energy is independent of the work function of 

the sample. The binding energy is associated with each core atomic orbital where 

elements present in the sample give a set of peaks in the photoelectron spectrum. 

The kinetic energies are determined by the photon energy and the respective 

binding energies. The presence of peaks at particular energies therefore indicates 

the presence of a specific element in the sample under study - furthermore, the 

intensity of the peaks is related to the concentration of the element within the 
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sampled region. These spectra are plotted with the intensity of the photoelectrons 

(y-axis) as a function of the binding energy (x-axis). Different binding energies 

correspond to different atomic core orbitals. In core s orbitals, the spectra is 

always a singlet peak since the angular momentum number (l=0). In other 

scenarios (l>0), there will be a doublet peak due to spin orbit coupling.  

XPS characterization was done in a two chamber Thermo KŬ spectrometer using 

a monochromated Al KŬ X-ray source. A sample sport was chosen by 

considering a location with species on. Sample charging across the samples was 

prevented by using a dual beam flood gun. Binding energies were calibrated 

using C1s peak 284.6 eV. CasaXPS software provided by University College 

London (UCL) software database has been used to analyse the samples in XPS, 

and obtain their fitting peaks with corresponding FWHM. 

 

 

 

 

 

 

 

 

 

Figure 3-10 Operating principle of X-ray photoelectron spectroscopy (XPS). 
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3.2.3 Scanning electron microscopy (SEM) 

SEM is used to visualize the surface of solid samples with resolutions that can 

reach 1nm. SEM scans a focused electron beam over a surface to create an image. 

In the SEM, electrons interact with the sample producing various signals which 

are used to obtain information about the surface topography and composition. 

When electrons strike the surface, they produce different signals, and the 

detection of these signals produces an image or sampleôs elemental composition. 

The main signals in SEM are secondary electrons, backscattered electrons, and 

X-rays. Secondary electrons are emitted from atoms occupying top surface and 

produce a readily image of the surface. High resolution images are obtained since 

the main electron beam has a low diameter. The backscattered electrons are 

reflections of the primary beam electrons. Image used to show distribution of 

different chemical phases in sample.  

The SEM used in this thesis was a JEOL JSM-7600F with a field emission gun 

(FEG) electron source. Equipped with secondary electron detector for 

topographic contrast imaging, a retractable backscattered electron detector for 

atomic number contrast imaging and Oxford INCA EDX system for 

compositional analysis. Resolution up to 3.5 nm, an accelerating voltage of 0.5-

30 kV and specimen size of 125 nm. 

 

3.2.3.1 EDX: Energy-dispersive X-ray spectroscopy 

EDX is an analytical technique used for elemental analysis or chemical 

characterization of a sample. The characterization capabilities of EDX are due to 
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the fundamental principle that each element has a unique atomic structure 

allowing unique set of peaks on its X-ray emission spectrum. In EDX, a high 

energy beam of charged particles such as electrons or protons (X-rays beam) is 

focused into the sample being studied. At rest, atom in sample contains unexcited 

electrons in discrete energy levels (electron shells bound to nucleus). Incident 

beam can excite an electron in inner shell, ejecting it from the shell and creating 

an electron hole where electron was. Electrons from outer (higher energy shells) 

fills the hole and the difference in energy between higher energy shell and lower 

energy shell can be released to form an X-ray. Energy and number of x-rays 

emitted from sample is measured by an energy dispersive spectrometer. Since 

the energies of x-rays are typical of the difference in energy between two shells 

and of the atomic structure of the emitting element. 

 

3.2.4 Transmission Electron Microscopy (TEM) 

A transmission electron microscope is an analytical tool allowing visualization 

and analysis of specimens in the scale of nanometre (<100nm). TEM can give 

micro-structural information by using very high resolutions magnifications, high 

vacuum, and detecting the electrons that are transmitted through the sample. By 

using a TEM, one can see the columns of atoms present in crystalline samples.  

Compared to SEM, TEM is a much more powerful technique to analyse the 

structures of nanomaterials including nanotubes, nanospheres, and nanoflakes. 

TEM specially allows the user to characterize lattice and surface structures owing 

to its ability to draw images at higher resolution than SEM. TEM is based on 
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electron beam passing through the specimen. The sample is prepared on a mesh 

grid through which the highly energetic electron beam passes. As the energetic 

electrons make their way through the grid, some are lost due to the deflection or 

the absorption made into the specimens on the grid. The images are created by 

unscattered electrons and absorbed electrons depicted as bright image and dark 

image, respectively. Besides, some grey parts of an image signify the scatter of 

electrons during the way through. The electron beam is generated through the 

electron gun (similar to of SEM) and positioned top of the instrument. EDS TEM 

was also used to characterize the samples for elemental mapping and colour maps 

of elements. The most commonly used feature of TEM is the high-resolution 

imaging (HR-TEM). HR-TEM can magnify to a specimen up to 0.5nm and 

allows the user to navigate in its crystallite structure.  

The TEM used in this thesis was a JEOL 2100. 

 

3.2.5 BrunauerïEmmettïTeller (BET) 

In BET, the specific surface area of a powder is determined by physical 

adsorption of a gas on the solid surface by calculating the amount of adsorbate 

gas which is the monomolecular layer on the surface. Physical adsorption results 

in weak forces (Van der Waals forces) between adsorbate gas molecules and 

adsorbent surface area of powder. The amount of gas adsorbed is measured by a 

volumetric or continuous flow procedure. Multi-point measurements used where 

the data is treated using the BET adsorption isotherm equation:  
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 ᶻ                                (3.3) 

Where: 

P = partial vapour pressure of adsorbate gas in equilibrium with the surface at 

77.4 K (b.p. of liquid nitrogen), in pascals, 

Po = saturated pressure of adsorbate gas, in pascals, 

Va = volume of gas adsorbed at standard temperature and pressure (STP) [273.15 

K and atmospheric pressure (1.013 × 105 Pa)], in millilitres, 

Vm = volume of gas adsorbed at STP to produce an apparent monolayer on the 

sample surface, in millilitres, 

C = dimensionless constant that is related to the enthalpy of adsorption of the 

adsorbate gas on the powder sample. 

 

A value of Va is measured at each of not less than 3 values of P/Po. Then the BET 

value is =  is plotted against P/Po. This plot yields a straight line usually 

in the approximate relative pressure range 0.05 to 0.3. The data are considered 

acceptable if the correlation coefficient, r, of the linear regression is not less than 

0.9975; that is, r2 is not less than 0.995.  

Surface area BET measurements of powders were carried out on a Quantachrome 

Autosorb iQ-c and also Micromeritics ASAP 2020. 
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3.2.6 Thermogravimetric analysis (TGA) 

TGA is a technique in which the mass of a substance is monitored as a function of 

temperature or time as sample specimen is subjected to a control temperature program 

in a controlled atmosphere. TGA measures the sampleôs weight as it is heated or 

cooled in a furnace. This consists of a sample pan that is supported on a precision 

balance which is held in the furnace and is heated/cooled during the experiment. A 

sample purge gas (e.g. air, N2) controls the sample environment. This could be inert 

or reactive and flows over the sample and exits through an exhaust. 

The TGA instrument used in this thesis was a TA instruments TGA Q500 (TA). 

 

3.2.7 Raman spectroscopy 

Raman spectroscopy is used to study the vibrational, rotational, and low frequency 

modes properties in samples (Figure 3.11). It is a spectroscopic technique based on 

inelastic scattering of monochromatic light, usually from a laser source. It is widely 

used in characterization of carbon nanomaterials. Inelastic scattering means that the 

frequency of photons in monochromatic light changes upon interaction with a sample. 

The Raman Effect is due to the interaction of electromagnetic field of incident beam 

with species on glass substrate. Raman spectroscopy is sensitive to highly symmetric 

covalent bonds with little or no dipole moment. Carbon-carbon bonds in carbonaceous 

materials fit this requirement perfectly and as result Raman can provide information 

about their structure. Every band in Raman spectrum corresponds to specific 

vibrational frequency of a bond within a molecule. Raman scattered light contains 

different information on molecules in a substance.  
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Raman spectrum data was collected using a Renishaw inVia Raman microscope with 

an Ar ion laser (ɚ= 514 nm).  

 

 

3.2.8 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR is a technique used to obtain infrared spectrum of adsorption or emission of a 

solid, liquid or gas. It is a useful technique in organic chemistry because it enables a 

user to identify different functional groups. Each functional group contains certain 

bonds which show up in the same places in the IR spectrum. An FTIR spectrometer 

collects high-spectral resolution data over a spectral range. The objective of an FTIR 

is to measure how much light a sample absorbs at each wavelength. Different 

frequencies of infrared light are passed through the sample and then the transmittance 

Figure 3-11 Scattering processes of light including Stokes and anti-Stokes Raman 

scattering. 
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of light at each frequency is measured. The different functional groups present bond 

absorptions at different locations and intensities on the IR spectrum.  

The FTIR instrument used in this thesis was a Perkin Elmer Spectrum 2000 and data 

was recorded in a wavelength range of: 400-4000 cm-1. 

 

3.3 Electrochemical characterization  

Since a zinc-air battery is an electrochemical device, electrochemical methods play 

important roles in characterizing and assessing the cell and components such as the 

electrode, membrane, and the catalyst. Most used electrochemical characterization 

methods include potential sweep, potential step, potential cycling and rotating disk 

electrode. Electrochemical reactions involve these steps: transport of reactants to the 

surface of the electrode, adsorption of reactants onto the surface of the electrode, charge 

transfer through either oxidation or reduction on the surface of the electrode, and 

transport of products from surface of the electrode. Hence, electrochemical methods 

are used to determine the specifics of these steps.  

Characterizations are usually carried out in 3 types of cells: single cells, half cells and 

three electrode cells. In these cells, the catalyst to be characterized forms the working 

electrode (WE), the potential of which or the current passing through which is 

controlled ï making the WE the sole interest of investigation for catalyst performance. 

The working electrode and the secondary electrode (counter electrode, CE) form a 

circuit and current flows through this circuit which causes a reaction on the CE as well. 

The secondary reaction on the CE has not to interfere with primary reaction on WE. 

Then, a third electrode - reference electrode (RE) - is used to minimize the impact of 
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electrolyte solution resistance on potential at the WE. The RE forms another circuit 

with the WE. The RE is usually non-polarizable and keeps a stable potential.  

 

3.3.1 Three-electrode cells 

The typical experimental conditions for a 3-electrode cell are shown in Figure 3.12. 

The surface exposed to the electrolyte solution at the WE consists of an electronically 

conducting dish such as glassy carbon, platinum or gold sealed in an inert material. A 

Pt-foil with a larger surface area compared to WE is then used as the CE. This surface 

area requirement for the CE is due to ensure that the electrochemical reaction occurs 

quickly so that it does not interfere with the main reaction at the WE. The RE is usually 

held in a Luggin capillary whose fine tip can be placed close to the surface of the WE 

in order to suppress uncompensated electrolyte resistance without preventing reactants 

from reaching the surface of the WE. Most popular reference electrodes are 

Ag/AgCl/Cl- (silver, silver chloride electrode) and Hg/Hg2Cl2/Cl- (calomel electrode).  

In zinc-air batteries and fuel cells, this cell is used to select potential catalysts and to 

study the reaction mechanisms and kinetics by coating the WE with a layer/film of the 

catalysts. The catalyst is usually mixed with other components in a solvent consisting 

of 9:1 H2O/EtOH though agitating and sonication. Sonication and agitation are used to 

increase the temperature of the mixture which could change the physical properties like 

viscosity. Afterwards, the catalyst is applied on the surface of the WE. 
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To increase adhesion, additives are used in the catalyst ink formulation. The 

perfluorinated ionomer, Nafion, is commonly the most used additive for catalyst 

characterization in electrochemical cells. The electrode is then dried at room 

temperature or in the oven at 50°C. Typically, glassy carbon is inactive to 

electrochemical reaction which is important since this should not catalyse the reaction. 

 

3.3.2 Cyclic Voltammetry (CV) 

Electrochemistry mostly involves the use of electricity as an input or output signal. The 

electrochemical instrument (e.g. potentiostat/galvanostat) is to generate an electrical 

signal and measure an output signal. Signals are voltage, current, and charge. Charge is 

the integration of current with time. Input electrical signals cause the electrochemical 

reactions at the WE and CE. This rate of reactions can be manipulated by controlling 

Figure 3-12 Schematic diagram of typical three-electrode electrochemical cell. 
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the amplitude of the input signal, and then measured at the output. Cyclic voltammetry 

(CV) indicates the cycling between chosen low and high points and then recording the 

current in that potential cycling region. Resulting potential versus current plot is then 

called a voltammogram. This sweeping is carried out linearly and can be chosen 

between large ranges (e.g. 1 mV-1000 mV s-1). The WE is held at steady state before 

scanning starts so that it doesnôt cause problems to electrochemical reactions to be 

investigated. After the start of scanning, potential goes higher (or lower) and when it 

becomes high (or low) enough to cause oxidation (or reduction) of electrochemically 

active species, an anodic (or cathodic) current appears. The anodic (or cathodic) current 

increases as the potential goes higher (or lower) due to reaction kinetics becoming 

faster. As potential reaches standard potential Eo, the concentrations of oxidized and 

reduced forms of electrochemical active species become equal on surface of electrode. 

Highest anodic (or cathodic) current is reached when potential reaches a value at which 

all reduced or oxidized form of electrochemically active species reaches maximum rate, 

due to largest concentration gradient between bulk concentration of electrochemically 

active species and surface concentration of species. 

In order to carry out a cyclic voltammetry run, a potentiostat (Figure 3.13) is required 

which controls the voltage and measures the current. The potentiostat keeps the 

potential of the WE at a prescribed value with respect to the potential at the RE. Current 

will flow between WE and CE in response the potential at the WE (Figure 3.14). A 

series of resistors in electric circuit are used to adjust and maintain potential at the WE. 

To keep the potential at the WE constant during a potential step experiment this 

involves varying current, resistance (R) of resistors will change so voltage drop (iR) on 

resistor is the same. Electrometer is used to measure potential difference between RE 
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and WE. This has a high input impedance so input current is nearly zero which enables 

RE to keep a constant potential. Ohmôs law is then used to determine current passing 

through WE and CE by measuring the voltage drop through a known resistor. If the 

circuit is modified such that the current (I) is controlled and the potential at the WE is 

measured, this becomes a galvanostat. 

 

 

 

 

 

 

 

 

 

Figure 3-13 Illustration of the electronic circuitry of a potentiostat used for 

electrochemical cells. 

a) b) 

Figure 3-14 Oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) 

setups with Metrohm Autolab potentiostat used to obtain cylic voltammetry (CV) and 

linear sweep voltammetry (LSV) data for (a) ORR and (b) OER, respectively. 
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3.3.3 Rotating Disk Electrode (RDE) 

Transport of reactants to/from an electrode usually proceeds through diffusion and 

convection. Diffusion is the main process for transport of species around surface of an 

electrode immersed in an electrolyte solution. Convection could occur due to 

environmental vibration/noise and uneven temperature distribution in the electrolyte. 

Diffusion is used to study the mass transport process. Mass transport rate is significantly 

when a forced convection is applied to the electrochemical cell. This can be applied by 

creating a relative motion of the electrode with respect to the electrolyte. This can be 

achieved by rotating the electrode, hence the name of the method rotating disk electrode 

(RDE). Here, the electrode rotates and the reactant is pulled to the surface of the 

electrode while the product spins away from the surface. A static reaction layer could 

also cover the surface of the electrode, while reactant transports through here by 

diffusion. The thickness of layer is controlled by the angular velocity (rpm) of the 

electrode, ɤ=2ˊf, where f is the number of revolutions per minute. When ɤ is large, the 

diffusion layer is thinner. Electrode rotation rate is controlled in such a range that the 

flow reactant along surface of electrode follows a smooth pattern between 400 and 2000 

revolutions per minute (rpm). Diffusion and convection are used to determine the 

overall mass transport rate of a reactant to the surface of the electrode. Convection 

controls the thickness of the diffusion layer and diffusion controls the transport rate of 

reactant through diffusion layer. D(ŭ2c/ŭx2) corresponds to the flux normal to the 

electrode surface due to diffusion and flux for convection is ɡx(ŭC/ŭx) where D is 

diffusion coefficient of species, C is the bulk concentration of species, and ɡx is the 

solution velocity along the x direction which is normal to electrode surface. Linear 

potential sweep voltammetry (LSV) in RDE, the potential of WE is scanned from a 
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potential where no reaction occurs to a potential that causes the reaction to occur. 

Limiting current is obtained when the overpotential is large enough so that reaction rate 

is determined by mass transport rate of reactant at particular rotation rate of electrode. 

Here, the surface concentration drops to zero and steady mass transport profile is 

obtained as C/L, where L is the diffusion layer thickness. When the electrode rotation 

rate is steady, L is constant and C/L does not change. Hence, a steady-state diffusion-

controlled current is obtained as described by the Levich equation: 

     id= 0.620nFAD2/3ɤ1/2ɡ-1/6C (disk current)             (3.4) 

where ɡ is the kinematic viscosity of the electrolyte: ɡ=ɖ/d (ɖ and d are the viscosity 

and density of electrolyte solution, respectively). A is the electrode area in cm2. 

Typically, the potential scan rate must be slow enough with respect to electrode rotation 

rate to obtain a steady-state reactant concentration profile. Before disk current reaches 

limiting value (ilim), the current is affected by both reaction kinetics and mass transport 

rate. At reaction potential, current is controlled by reaction kinetics and has no influence 

on mass transport rate. Kinetic current is as follows: 

 

           ik= nFAkfC                          (3.5) 

 

where kf is the rate constant and is a function of the potential. Therefore, the total current 

equation for the full potential scanning window is given by the Koutecky-Levich (K-

L) equation.158 A plot of i-1 versus ɤ-1/2 is a straight line, the slope which can be used 

to determine D, and the intercept of which on the y-axis ɤ-1/2=0 enables to determine 

kf. Koutecky-Levich (K-L) equation for current density (J) is then used to determine 
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the numbers of electron transfer in the oxygen reduction reaction using the following 

equation: 

 

                         
Ȣ

                                       (3.6) 

where J is the measured current density, JL and JK are the diffusion-limited and 

kinetic current densities, respectively, F is the Faraday constant (96485 s A 

molī1), C0 is the bulk concentration of dissolved O2 in 0.1 M KOH (1.2×10ī3 mol 

Lī1), D0 is the diffusion coefficient of O2 in 0.1 M KOH (1.9×10ī5 cm2 sī1), ɡ is 

the kinematic viscosity of the electrolyte (0.01 m2 sī1), and ɤ is the angular 

velocity (in rad s-1). Figure 3.15 shows the key performance indicators in ORR 

such as onset potential (Eonset), limiting current density (JL) and half-wave 

potential (E1/2). 

Figure 3-15 ORR polarization curve at 1600 rpm for 20 wt.% Pt/C. 
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3.3.4 Procedure for reproducibility of experiments for ORR and OER 

measurements  

 

 

 

Figure 3-16 Schematic procedure to obtain reproducible data for both ORR and OER 

measurements. First three points (1 to 3) the electrolyte solution was static for cyclic 

voltammetry studies, while for point (4) linear sweep voltammetry (LSV) the working 

electrode (WE) rotation rate was 400 rpm to 2000 rpm. 
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3.3.5 Zinc-air batteries assembly and testing 

Zinc-air cells (Figure 3.17) were assembled, and their charge discharge performance 

was evaluated on a Neware CT-3008 battery tester (Figure 3.18). The air electrode is 

prepared by drop-cast (pipette) the catalyst solution onto a gas-diffusion layer (carbon 

paper, SGL Carbon group, carbon paper 2x2 cm, catalyst active area 0.79 cm2) to 

obtain a desired loading (1 mg cm-2). The electrolyte used in the zinc-air battery is 6 

M KOH + 0.2 M zinc acetate and a polished 70 × 60 × 5 mm zinc plate is used as the 

anode, with a hydrophilic 50 ѧm thick PTFE membrane (pore size 0.2 ѧm, Merck 

Millipore, Burlington Massachusetts, USA) serving as a separator. Titanium mesh 

current collector (Ti, 80 mesh, Alfa Aesar, Haverhill Massachusetts, USA) was placed 

next to the air cathode, with a Teflon-coated hydrophobic carbon paper backing layer 

(SIGRACELL, SGL Carbon, Wiesbaden, Germany) preventing electrolyte from 

leaking out or flooding the cell under high humidity environments.  The measurements 

were performed at room temperature using recurrent galvanostatic charge-discharge 

method, where one cycle consists of a discharge step (10 min, 10 mA cm-2) followed 

by a charge step (10 min, 10 mA cm-2).  The ink solution used to prepare the air-

electrode consisted of the catalyst and the binder (5%, Nafion perfluorinated) in a 

solution of H2O/EtOH (1:1). Battery tests are conducted at 25°C.  

Post-mortem studies of the zinc-air batteries were conducted, including analysis of 

SEM scans of the Zn-electrode to determine the presence of dendrites and carbonates 

including passivation layer formation.  
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Figure 3-17 (a) Diagram illustration of Zn-air batteries with all components (anode, 

cathode, electrolyte, and separator. (b) Photograph illustration of Zn-air batteries top 

view, (c) Zn-air geometric parameters, (d) view of injection hole for electrolyte 

insertion. 

a) 

 

b) 
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Figure 3-18 Neware CT-3008 battery tester used to test Zn-air batteries. Four Zn-air 

batteries are pictured here on four different channels of the battery tester. 
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Chapter 4 . Manganese oxide nanoparticles on 

nitrogen doped mesoporous carbon as highly efficient 

electrocatalyst for oxygen reduction reaction 

 

4.1 Introduction 

Fuel cells and metal air batteries are promising technologies for future generations of 

electric vehicles and the grid. Electrocatalysts are a main factor influencing the 

performance of such electrochemical energy conversion and storage devices. One of 

the main reactions at the oxygen electrode of fuel cells and rechargeable metal-air 

batteries is the oxygen reduction reaction (ORR).159 The reduction of oxygen and the 

improvement of the associated kinetics continue to be a challenge issue because of the 

complexity of the four-electron transfer process. The sluggish ORR kinetics limits the 

overall efficiency of a fuel cell or a metal-air battery. Hence, the development of active 

ORR electrocatalysts is vital to enhance the performance of these electrochemical 

devices. The problem can be tackled by the development of new non-precious metal 

electrocatalysts, which need to show high electrocatalytic activities, matching the 

traditional precious metals (Pt/C) for ORR. Carbon based materials (e.g. g-C3N4, CNTs, 

graphene), transition metal oxides (e.g. MnO, Mn3O4, Co3O4), perovskite and spinel 

oxides have been considered as more economical alternatives to Pt/C.18 

Graphitic carbons doped with heteroatoms (i.e. N, S, and P) tend to create catalytic 

active sites that facilitate oxygen adsorption and then ORR.160 The excellent ORR 

activities for N-doped carbons can be attributed to the unique electronic properties, 

arising from the synergistic effect between the electron lone pairs of N and the ˊ-
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conjugated system of graphite.161, 162 Carbon alloy catalysts (CACs ï e.g. N-doped 

carbon, B/S/P/N-doped carbon) show a relatively high and strong oxidation resistance, 

but leading to relatively high O2 adsorption barriers, compared with Pt.163 The degree 

of sp3 hybridization as well as the bond angle dependence around the reaction site is 

favoured when CNTs are used as carbon supports. The ORR activity has been shown 

to improve with CNTs of relatively small diameters since the population of N-doped 

SW defects is increased.164, 165 Nitrogen-doped carbon materials improve the edge 

defects and introduce functional groups, such as pyridinic, pyrrolic and graphitic 

nitrogen species in the carbon matrix which help to enhance the ORR  

performance.166-174 The availability of five valence electrons present in nitrogen allows 

the formation of strong covalent bonds in nitrogen-doped carbon and thus increase its 

stability.175 Oxygen adsorption occurs at the resulting defect sites with the edges or in 

the basal plane. Pyridinic nitrogen that is located at the edge sites just possesses two 

sp2 carbons and only provides the graphitic ˊ-system with one ˊ electron. In-plane 

graphitic nitrogen is able to provide two ˊ electrons. A carbon atom that is replaced 

with an n-type dopant, such as nitrogen in a graphitized carbon substrate will result in 

a donation of electrons to O2 that enhances the ORR activity. The ORR is facilitated by 

an increase in pyridinic-N content by adsorption of the intermediate products, the 

formation of C-O bond, and disassociation of O-O bond.176-178  

Transition metal-oxides (TMO, e.g. MnO) supported on N-doped carbon (N-C) have 

been recently investigated as possible alternatives to Pt/C, since these are able to 

achieve a four-electron transfer with excellent charge transfer and kinetics during ORR. 

Though manganese oxides on their own shows a very low conductivity, this lack can 

be improved by adding CNTs and carbon nitride/graphene.179  
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Here, in this work, we developed electrocatalysts with much enhanced ORR 

performance by introducing a hybrid material (MnO2@CNT-G) to nitrogen-rich 

precursors. The composites, N-S-C@MCG_1000 and N-C@MCG_1000, were 

subjected to a two-step carbonization process, consisting of an initial step at 600°C and 

a subsequent step at 1000°C. The thermally treated materials produce well dispersed 

manganese oxide nanoparticles (NPs) on N-doped porous carbon networks with a high 

specific surface area and pore size distributions, leading to significant improvement of 

ORR in an alkaline electrolyte. CNTs were used as a conductive support for the 

electrocatalysts due to their high electronic conductivity, rich surface anchoring sites, 

and stability. L-cysteine was selected due to its strong stability at high temperatures 

plus the presence of a thiol group, R-SH, for porous carbon formation to enhance ORR. 

Melamine was employed as N dopant source, and to increase intrinsic porosities as it 

is transformed into a graphitic carbon nitride upon pyrolysis.180-183 The results were 

comparatively analysed by means of structural, spectroscopic and electrochemical 

techniques. 

 

4.2 Experimental 

4.2.1 Catalysts synthesis 

Catalyst materials were synthesized as described in Chapter 3.1.2 to 3.1.5. 

4.2.2 Physical characterization 

Powder X-ray diffraction (PXRD, STOE Stadi P, Cu-K alpha) was used to determine 

the microstructure and crystallinity of the samples. The morphology of the powders 

was examined by scanning electron microscopy (SEM, JSM6301F, Japan), 
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transmission electron microscopy (TEM, JEOL2100, Japan) with Bruker electron 

diffractometer for energy dispersive X-ray (EDS) elemental mapping and analysis. 

X-ray photoelectron spectroscopy (XPS, Al K-alpha, Thermo Scientific) was used to 

determine the surface chemical composition and elemental valences of the samples. 

Raman spectra were collected using a micro-Raman spectrometer (Renishaw), where 

excitation had been achieved using a 514 nm laser. Thermogravimetric (TGA) analysis 

has been done using a TA Instruments Q500 in N2 atmosphere at a ramp rate of 

10°C/min. Nitrogen sorption isotherms were recorded at 77 K using Quantachrome 

instruments volumetric physisorption system. The Brunauer-Emmett-Teller (BET) 

surface area was calculated analysing the isotherm in the pressure range 0 to 1. The 

total pore volumes were calculated from the amount of nitrogen adsorbed at a relative 

pressure of 0.99. The porosity and gas adsorption-desorption isotherms up to 1 bar were 

determined at 77 K using liquid nitrogen on a Quantachrome Autosorb-iQC. 

4.2.3 Electrochemical Characterization 

The electrochemical investigation was carried out using a Nova Autolab Potentiostat 

(Metrohm Autolab 302N Bipotentiostat) under cyclic voltammetry (CV) and linear 

sweep voltammetry (LSV). A rotating disk electrode (RDE, Metrohm) half-cell setup 

was used to investigate the ORR catalytic activity. The working electrode was 

fabricated by casting Nafion-impregnated catalyst ink onto a glassy carbon disk 

electrode, 4 mg of catalyst was ultrasonically dispersed into 500 ɛL DI H2O containing 

5 wt.% Nafion to form a catalyst ink. 5 ɛL of the catalyst ink was deposited onto the 

disk (GC, 3 mm diameter, A= 0.07068 cm2, Methrohm) and dried at 60°C. Before every 

measurement, the glassy carbon electrode (GCE) surface was polished using a ‌-Al 2O3 

slurry and rinsed with DI water. The electrode was subsequently washed with DI water 
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with the assistance of an ultrasonic bath. The working electrode was then immersed in 

O2 saturated 0.1 M KOH aqueous electrolyte. A platinum foil was used as the counter 

electrode (CE), and Ag/AgCl (saturated with 3 M KCl) as the reference electrode (RE). 

Catalyst activity towards ORR was evaluated by bubbling O2 gas for 30 minutes for 

each experiment to make an oxygen saturated electrolyte. The potential scan windows 

were between -0.8 V to 0.2 V vs. Ag/AgCl for ORR. The scan rate for CV was set at 

100 mV s-1 and for LSV, 10 mV s-1. Nitrogen gas was purged before to run CV under 

nitrogen atmosphere to determine the effect on the reduction peak. Ohmic drop (iR) 

correction was performed on all measured data. 

 

4.3 Results and discussion 

4.3.1 Physical and structural characterization  

4.3.1.1 MnO2 and MnO2@CNT-G hybrid nanomaterials 

Manganese oxide nanotubes were synthesized as reported previously. Here, the 

rationale behind starting with MnO2 nanotubes is to evaluate the performance of every 

component for oxygen reduction reaction, as explained in later sections. To estimate 

this, nanotubes were used as a reference low-cost transition metal oxide alternative to 

more expensive Pt/C. First, the structure of the nanotubes is observed and explained 

and then the electrochemical performance is evaluated with reference to similar hybrid 

nanostructures (MnO2@CNT-G). These two materials will be compared between each 

other to evaluate the effect on their performance (active sites, carbon content, 

nanostructure) and their relation as to optimization with porous carbons, as explained 

later. For MnO2 nanotubes, the morphology and crystal phase were confirmed both by 

SEM & TEM (Figure 4.1 a,b) and XRD analysis (Fig. 4.1 c). The SEM showed an array 
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of nanotubes overlapping as expected since these tend to agglomerate on the surface, 

depending on the quantity of powder placed on the sample holder. The TEM showed 

nanotubes with average diameters of approximately 15-20 nm. The XRD pattern 

showed that all major diffraction peaks match the standard peaks of the tetragonal 

MnO2 nanotube, as can be seen by comparing it to the standard diffraction peaks for 

JCPDS 44-0141. XPS analysis was carried out to identify the chemical composition of 

the MnO2 nanotubes. XPS of Mn2p for the MnO2 nanotubes is shown in Figure 4.1(d), 

where it is noted that the binding energies for both Mn(2p1/2) and Mn(2p3/2) match 

accordingly for MnO2 in its oxidation state. The Mn(2p) XPS spectrum has two main 

peaks with binding energy values at 654 eV and 642 eV, which are in agreement with 

the reported data of Mn(2p3/2) and Mn(2p1/2) in MnO2. 
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Figure 4-1 (a) SEM and TEM (b) for MnO2 nanotubes. (c) XRD pattern of Ŭ-MnO2 

nanotubes. (d) Mn2p XPS spectrum for Ŭ-MnO2 nanotubes. 
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Furthermore, manganese oxide nanospheres nanostructures were also synthesized to 

compare the effect of reaction temperatures and times in determining the micro/nano-

structure of the final material (MnO2 nanospheres). The SEM images for MnO2 

nanospheres (120°C, 4 hours) is shown in Figure 4.2. 

Next in the catalyst optimization process (after the synthesis of nanotubes and 

nanospheres) was the integration of a carbon support to MnO2 nanomaterials. The 

integration of the carbon support to the starting material which gave  

MnO2@CNT-G is shown in Figure 4.3(a, b). The reason to add a carbon support is that 

metal oxides (MnO2) on their own have poor electrocatalytic activity and lead to an 

intermediate peroxide (H2O2) pathway. The MnO2@CNT-G hybrid did not possess any 

porosity or high surface area, and this will be again an influencing factor in determining 

ORR electrocatalyst performance. The XRD pattern for  MnO2@CNT-G (Figure 4.3c) 

indicates the presence of both carbon (CNTs) and MnO2. The Mn2p spectrum (Figure 

4.3d) indicates the presence of Mn (2+) and Mn (3+) phases corresponding to the Mn 

2p3/2
 for different oxidation states of Mn. Also, the binding energy gap between the Mn 

a) b) 

Figure 4-2 SEM images of MnO2 nanospheres (a) low magnification, and (b) high 

magnification. 
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2p(1/2) and Mn 2p(3/2) is equivalent to 11.34 eV. The XPS C1s spectrum (Figure 4.3e), 

showed different peaks corresponding to C-C, C=C, and C-O bonds. The sp2 bond 

among the carbon atoms allows for the delocalization of orbitals. The O1s XPS 

spectrum (Figure 4.3f) shows the presence of bonds Mn-O-Mn, Mn-O-H, and C-

O/C=O/O-C=O.    
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Figure 4-3 (a, b) SEM for MnO2@CNT-G. (c) XRD pattern for MnO2@CNT-G; (d) 

XPS spectra Mn2p, (e) C1s, and (f) O1s for MnO2@CNT-G. 
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4.3.1.2 Nitrogen doped carbon (N-C_800, N-C_1000) and nitrogen-sulphur co-

doped carbon (N-S-C_1000) nanomaterials   

Porosity and high surface areas have shown as previously mentioned in literature to be 

influencing factors in enhancing the catalyst performance of carbon materials. 

Strategies to obtain highly porous carbon materials include steps of heat-treatment at 

high temperatures to increase the carbon content/lower oxygen content and also 

enhance the conductivity of the materials. To carry out this process, it is vital the 

accurate selection of precursor materials comprising nitrogen-carbon bonds that could 

lead to effective pyridinic N, pyrrolic N, and graphitic N when heat treated at high 

temperatures (>800°C). The strategy here was to obtain porous nitrogen/sulphur co-

doped and single doped (only nitrogen) using stable precursors such as melamine 

(strong N-bonds) and later heat treat the samples and obtain carbon nanosheets at high 

temperatures, It has been proven from past research, as previously explained in the 

literature, that the high temperature annealing step could have a strong effect in the 

reallocation and establishment of sp2 carbon and high levels of pyridinic N, pyrrolic 

and graphitic N. The effect of high temperature steps will be an influencing factor in 

determining the ORR performance, as explained later. Though MnO2 nanotubes and 

MnO2@CNT-G hybrids might have a relatively good performance (low overpotentials  

- See Appendix A OER) for oxygen evolution reaction (OER), their lack of strong 

porous carbon networks in their nanostructure will later show to have a negative effect 

on their oxygen reduction reaction (ORR) performance. Hence, the new batch of carbon 

materials was obtained as previously explained in the synthesis section, involving a 

two-step high temperature annealing process. The materials obtained include N-C_800, 

N-C_1000, and N-S-C_1000 which showed low impurities levels. To obtain low-
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impurity levels samples, the high temperature annealing steps were repeated for three 

times to obtain optimized samples. Figure 4.4 shows the SEM images for the nitrogen 

doped and co-doped (nitrogen+sulphur) carbon nanomaterials including N-C_800,  

N-C_1000 and N-S-C_1000. It can be noticed that a lamellar structure is present for all 

three porous carbon materials. 

 

 

 

 

 

 

 

 

 

 

 

 

 

a) 

b) 

c) 

Figure 4-4  (a) SEM for N-C_800; (b) N-C_1000, and (c) N-S-C_1000 
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The XRD patterns for the porous nitrogen/sulphur doped carbon samples are shown in 

Figure 4.5. It is evident the strong carbon peak at 2ɗ=25-28° (002) as expected due to 

the reduction of oxygen groups at high temperatures, leading to characteristic peaks for 

XRD at larger scanning angles. The peaks are positioned relatively closer to each other 

for all the four samples, indicating that doped porous carbon nanomaterials were 

obtained in each instance. N-C-800 showed a relatively strong peak in XRD, probably 

due to the lower temperature used and hence the more crystalline sample. For the rest 

of the materials, the peaks were more broad peaks, indicating more amorphous carbon. 

 

 

 

 

 

  

 

 

 

The XPS analysis of the highest temperature treated samples at 1000°C is shown in 

Figure 4.6, with the corresponding fitted peaks to determine the chemical environments 

present in the optimized doped porous nanocarbon materials. 

 

Figure 4-5 XRD diffraction patterns for N-C_800, N_C_1000, N-S-C_1000, and  

N-C@MCG_1000 
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Figure 4-6 (a) C1s and (b) N1s high resolution XPS spectrums for N-C@MCG_1000, 

(c) and (d) N-S-C_1000, and (e-f) N-C_1000. 
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The XPS spectra further confirmed the presence of strong carbon bonds for all three 

optimized samples. As seen in Figure 4.6 (a)., the C1s spectrum for N-C@MCG_1000 

showed a strong C=C(sp2 carbon) peak at a binding energy of 284.8 eV. The peak at a 

binding energy of 285.7 eV can be attributed to C-N/C-C bonds. The last two intensity 

peaks are due to C=O and O=C-O, indicating the low presence of oxygen functional 

groups in the composite structure. The N1s spectrum, in Figure 4.6 (b) for  

N-C@MCG_1000, shows three deconvoluted peaks which can be attributed to 

pyridinic N (398.4 eV), pyrrolic N (401 eV), and graphitic N (405.5 eV). The relative 

concentrations are 44.6 %, 48.4, and 7%, respectively. 

Figure 4.6 (c) shows the C1s spectrum for N-S-C_1000, indicating as expected a strong 

carbon C=C(sp2) peak at a binding energy of 284.8 eV. The other peaks are attributed 

to C/N-C/S bonds present in the material and located at binding energies of 283.4 eV 

(C-C), 286.2 eV (C-N/C-O), 287.8 eV (C=O), and 290 eV (-COO). The N1s spectrum 

for N-S-C_1000, in Figure 4.6 (d), shows five different peaks corresponding to different 

nitrogen environments in the material. The peaks for pyridinic N (398 eV), pyrrolic N 

(399.8 eV), quaternary N (401.3 eV), graphitic N (404 eV), and oxidized (406.1 eV) 

show that high temperature treatment of the nitrogen-sulphur co-doped sample was able 

to achieve strong bonds that could enhance the electrochemical performance in ORR. 

The relative concentrations of the peaks in N1s were 40% and 43% for pyridinic N and 

pyrrolic N, respectively. The C1s spectrum for N-C_1000 is shown in Figure 4.6 (e) 

where the C=C strong sp2 peak is located 284.5 eV. The remaining peaks are for C-N 

(286.3 eV) and O=C-O/C=O (288.2 eV). The N1s (Figure 4.6 f) for N-C_1000 shows 

peaks for pyridinic N (398.2 eV), pyrrolic N (401.3 eV), and graphitic N (404.8 eV) as 



129 

 

expected. The relative concentrations for N1s were 39.5%, 50.5 %, and 10 %, 

respectively. 

4.3.1.3 Metal oxide (MnO/Mn 3O4 nanoparticles) on doped nitrogen carbon 

nanomaterials 

The structure of N-S-C@MCG_1000 was analysed by X-ray diffraction (XRD). The 

XRD pattern (Figure 4.7) further confirmed the evidence of the presence of manganese 

oxide nanoparticles in N-S-C@MCG_1000. The important peaks present are identified 

from the XRD pattern correspond to porous graphitic carbon (002, 2—=24.8o), and the 

manganese oxide nanoparticles MnO/Mn3O4 present in N-S-C@MCG_1000. The 2—= 

40.5o (200) corresponds to the MnO phase while 2—=34.7o (111) and 36.1 (211) to 

Mn3O4. The peaks at 2—=58.7o (220) and 2—=17.95o corresponds to Mn3O4 (101).184  

 

 

 

 

 

 

 

 

N-S-C@MCG_1000 shows an evident formation of a porous carbon network with 

pores presence across the regions as seen in the SEM in Figure 4.8(a,b). A mesoporous 

carbon structure with a vast presence of manganese oxide nanoparticles is illustrated 
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Figure 4-7 XRD pattern of N-S-C@MCG_1000 comprising manganese oxide 

(MnO/Mn3O4) NPs on N-doped mesoporous carbon. 
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through the TEM (Figure 4.8 (c, d). The TEM image in Figure 4.8(d) shows a wrinkled 

carbon formation after thermal treatment, in N-S-C@MCG_1000. The porous graphitic 

carbon lattice fringe of 0.345 nm (002) is shown in Figure 4.8(e). The manganese oxide 

nanoparticle size distribution for a selected region for N-S-C@MCG_1000 is shown in 

Figure 4.8(f) where the particle size transitioned between 15 and 50 nm with an average 

value of 35 nm.  

 

 

 

 

 

 

 

15 20 25 30 35 40 45 50
0

1

2

3

4

 

 

C
o
u
n
t

Particle size (nm)

0 .5  µm0.5  µm

2 0  nm2 0  nm

2 0 0  n m2 0 0  n m

e) 

 

f) 

 

d) 

 

g) 

 

a) 

 

b) 

 

Figure 4-8 (a, b) SEM and TEM (c-e) for N-S-C@MCG_1000. (f) Particle size 

distribution for N-S-C@MCG_1000. (g-h) TEM of manganese oxide nanoparticle in 

N-S-C@MCG_1000 (HR-TEM shown in inset). 

c) 
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The TEM for N-S-C@MCG_1000 evidences the formation of manganese oxide 

nanoparticles (MnO manganosite, Mn3O4 hausmannite). The high magnification view 

of an individual MnO/Mn3O4 nanoparticle is shown in Figure 4.8(g) and Figure 4.8(h) 

with a diameter of 37.21 nm and 22.4 nm. The HRTEMs (insets) images for  

N-S-C@MCG_100 further confirm XRD data and the presence of MnO and Mn3O4 

nanoparticles with lattice fringes corresponding to Miller indices: (200), (111), and 

(211) and lattice spacing of 0.223 and 0.285 nm. For Mn3O4 NP there were four 

different Miller indices corresponding to (111), (211), (101) and (220).  The underlying 

graphene like nanosheets enhance the stability and structure of the composite with their 

high surface area and porosity. The nanoparticles on top of the sheets enhance the active 

sites and create a synergistic effect between them and the underlying carbon nanosheets 

which effectively increase exposure and site reliability. This indicates that 

N-S-C@MCG_1000 has optimized properties compared to previous synthesized 

catalysts (N-S-C_1000 and N-C@MCG_1000). For comparison, the MnO2 nanotubes 

and MnO2@CNT-G hybrid material, had no porosity at all and surface areas were low. 

Though the structure of the materials was more crystalline for MnO2 nanomaterials, 

their performance due to lack of active sites, surface areas, rich carbon content make 

them less desirable. In comparison to its analogous porous carbon doped material where 

l-serine was used instead (N-C@MCG_1000), the TEM nanostructure was less ordinate 

but similar in that porous carbon networks with graphene-nanosheet like structure were 

present as illustrated in Figure 4.11 (a-d). The typical manganese oxide (manganosite, 

hausmannite) nanoparticle size for N-C@MCG_1000 was equal to 30-40 nm, 

approximately 10 nm larger than N-S-C@MCG_1000. 
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The presence of manganese oxide nanoparticles is further evidenced in the manganese 

(Figure 4.9(b) and oxygen (Figure 4.9(c) TEM EDS elemental mapping. The effective 

incorporation of nitrogen doping and is shown in Figure 4.9(d) EDS colour map. Figure 

4.9(f) shows the TEM elemental line spectrum for N-S-C@MCG_1000.  

 

 

 

e) 

 

a) 

 

b) 

 

d) 

 

Figure 4-9 EDS TEM electron image (a) and colour mapping for (b) manganese, (c) 

oxygen, (d) nitrogen and (e) carbon. (f) Spectrum and elemental analysis in EDS for  

N-S-C@MCG_1000. 

c) 

 

f) 
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The EDS colour mapping (Figure 4.10) shows the presence of tubular-like structures 

corresponding to possible carbon nanotubes and manganese oxide nanoparticles. 

 

The TEM mapping of N-S-C@MCG_1000 (Figure 4.10) in a second instance 

confirmed the presence of single nanoparticle of manganese oxide on a carbon 

nanotube. The presence of a thin-carbon nanosheet is present below the nanoparticle 

which is due to presence of porous carbon network in the material. The structure is 

similar to N-C@MCG_1000 where there are some carbon nanotubes present as well as 

graphene like nanosheets comprising regions of dark metal nanoparticles consisting of 

manganese oxides in the previously mentioned phases. 

a) b) 

 

b) 

c) 

 

c) 

d) 

 

d) 

Figure 4-10 (a) EDS TEM electron image of N-S-C@MCG_1000 indicating presence 

of CNTs and manganese oxide nanoparticles. Elemental mapping images illustrating 

the presence of (b) carbon, (c) manganese and (d) oxygen in N-S-C@MCG_1000. 
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X-ray photo electron spectroscopy (XPS) was performed to further confirm the 

successful nitrogen doping and presence of manganese oxide nanoparticles in  

N-S-C@MCG_1000. Figure 4.12 shows a relative XPS survey comparison between 

MnO2@CNT-G (MCG) and N-S-C@MCG_1000 where regions have been indicated 

to demonstrate the relative larger nitrogen content for N-S-C@MCG_1000 (N: 5.93 

at.%) and the lower oxygen content (O: 4.67 at.%) compared to MCG.  

N-S-C@MCG_1000 had the highest pyridinic N (48.32%) content. Figure 4.13 shows 

a relative comparison of the survey spectra for N-S-C@MCG_1000 and  

N-C@MCG_1000.  

Figure 4-11 (a-d) TEM images of N-C@MCG_1000. 
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Figure 4-12 XPS survey spectra for N-S-C@MCG_1000 and MnO2@CNT-G. 

Figure 4-13 XPS survey spectra for N-S-C@MCG_1000 and N-C@MCG_1000. 
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Figure 4.14 shows the high-resolution C1s spectrum for N-S-C@MCG_1000. The peak 

at 284.6 eV is attributed to sp2/sp3 carbon. The peak at 286.5 eV is ascribed to the C-N 

bond. The weaker peaks at 288.8 eV may refer to defects and functional groups O-C-O 

and C=O. The low intensity peak at 291 eV may refer to ˊ-ˊô interactions. The C-N 

bonds may contribute to the active sites of the catalyst system, where these form bonds 

with nitrogen through a mechanism which leads to an exposure of the edge/basal planes 

of the resultant N-doped carbon.  

The O1s and the S2p spectrum for N-S-C@MCG_1000 is shown in  

Figure 4.15(a) and Figure 4.15(b), respectively. The O1s spectrum shows three distinct 

peaks corresponding to C-O (532.2 eV), C-OH (533.7 eV), and C=O (530.4 eV). The 

sulphur is bound to the carbon in two distinct forms in N-S-C@MCG_1000, one being 

S atoms connected with carbon -C-S-C- (164.1 eV, 165.7 eV thiophene S) and the other 

Figure 4-14 XPS C1s spectra for N-S-C@MCG_1000. 
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oxidised sulphur -C-SOx-C- (161.3 eVx=2 and 168.8 eVx=3) such as in the form of 

sulphate or sulphonate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15(c) shows the Mn2p spectra for N-S-C@MCG_1000 illustrating the two 

valence states of manganese. The two peaks at 641.8 eV (M1) and 653.6 (M3) are 

attributed to the Mn2+ 2p splitting, while the other two at 647.4 (M2) and 658.1 eV 

(M4) to Mn4+, where the 2p separation, peak shape and binding energy match with 

MnO/Mn3O4. Moreover, the specific area ratio of Mn2+/Mn4+ peaks in XPS is 

approximately 1/1.37, indicating a possible combination of MnO and Mn3O4 which is 

further confirmed by the XRD pattern. This observed shift in binding energies could 

Figure 4-15 XPS spectra (a) O1s, (b) S2p, (c) Mn2p, and (d) N1s for 

 N-S-C@MCG_1000. 
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potentially be attributed to the post high-temperature treatment. From Figure 4.15(d) 

for the N1s XPS spectrum, it can be clearly seen that N-bonds are present for pyridinic 

N (398.6 eV), pyrrolic N (400.8 eV), and graphitic N (405.1 eV) - edge sites- in  

N-S-C@MCG_1000. Pyridinic nitrogen on its own may not be the active site for the 

ORR but may be a marker for edge plane exposure.185, 186 A fourfold decrease in 

nitrogen content was observed in N-C_800 (N:19.08 at.%) and N-C_1000 (N:5.49 

at.%). The relative at.% content of pyridinic nitrogen species is highest for N-S-

C@MCG_1000 (48.3%) compared to N-C@MCG_1000 (29.47%), N-S-C_1000 

(46.16%), N-C_1000 (34.46%) and N-C_800 (30.24 %).  

Raman spectroscopy has been used on N-S-C@MCG_1000 to investigate the graphitic 

structures, defects, and disordered phases of catalysts. Figure 4.16 shows the Raman 

spectrum for N-S-C@MCG_1000. This has two characteristic peaks at  

1350 cm-1 and 1598 cm-1, which are associated with the D and G band, respectively. 

The D-band was associated with the A1g in-plane breathing vibrational mode and 

correlates to structural defects and partially disordered structures at the edge of the sp2 

carbon domain. The G-band is attributed to the E2g vibration mode of sp2 carbon domain 

and corresponds to degree of graphitization. The band at 643 cm-1 in the Raman 

spectrum is associated to asymmetric stretching vibrations of Mn-O, which confirms 

the presence of manganese oxide species in N-S-C@MCG_1000. The intensity of the 

peak for the presence of manganese indicates that the material is incorporated in the 

structure of the nitrogen-doped mesoporous carbon meaning that it is a further 

confirmation of the effective synthesis process. 
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Figure 4-16 Raman spectrum for N-S-C@MCG_1000. 

Figure 4-17 TGA and heat curves for N-S-C@MCG_1000 at heating rate of 10°C/min 

under N2 atmosphere. 
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The thermogravimetric analysis (TGA), Figure 4.17, shows that thermal treatment of 

N-S-C@MCG_1000 causes a loss of sample due to pyrolysis, a decrease in nitrogen 

content and an increase in surface area. The formation of porous carbon networks is 

further aided by the -C-S-C bonding through the l-cysteine in N-S-C@MCG_1000.  

The mesoporous carbon structure for N-S-C@MCG_1000, is further confirmed by the 

BET isotherm curve (Figure 4.18(a) where through the average pore size is equal to 4.9 

nm as seen in Figure 4.18(b). For N-C@MCG_1000, the average pore size was 5 nm 

as shown in Figure 4.18(c). BET specific surface area (SSA) porosity measurements, 

showed that N-S-C@MCG_1000 had a SSA of 306 m2g-1 and pore volume of 1.078 

cm3g-1. N-C@MCG_1000 had a SSA of 400 m2g-1 and a pore volume of 1.032 m2g-1. 

It is noted from the BET isotherm for the MnO2 nanotubes (Figure 4.18(d), that the 

specific surface area (30 m2g-1) and pore volume (0.148 cm3g-1) is notably lower than 

both N-S-C@MCG_1000 and N-C@MCG_1000 (Table 4-1).  

 

Table 4-1 BET Specific surface area (SSA) and pore volumes for mesoporous carbon 

electrocatalysts and nanotubes. 

 

 

Catalyst Specific surface area SSA (m2/g) Pore volume (cm3/g) 

N-S-C@MCG_1000 306 1.078 

N-C@MCG_1000 400 1.032 

Ŭ-MnO2 nanotubes 30 0.148 



141 

 

The hysteresis loop for N-S-C@MCG_1000 and N-C@MCG_100 isotherms (Type IV) 

further confirmed the presence of mesoporous carbon formation. 

 

 

 

 

 

 

Figure 4-18 (a) N2 sorption isotherms and (b) pore size distributions of  

N-S-C@MCG_1000; (c) N2 sorption isotherms and pore size distribution (inset) of N-

C@MCG_1000 and (d) for Ŭ-MnO2 nanotubes. 
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4.3.2 Electrochemical catalytic activity towards oxygen reduction reaction (ORR) 

4.3.2.1 ORR performance of Ŭ-MnO 2 NTs and MnO2@CNT_G.  

By comparing the Ŭ-MnO2 ORR performance to the MnO2@CNT_G hybrid catalyst 

structure, it is noted that there is a large effect on the current densities and onset 

potentials (Figure 4.19). The current densities at -0.3 V (1600 rpm) are higher in 

MnO2@CNT-G (4.5 mA cm-2) compared to MnO2 nanotubes  

(2 mA cm-2). Hence, this show that the addition of CNTs inside the catalyst substrate 

enhances the ORR onset potentials. It is noted that there is a sharp increase in current 

densities in the diffusion-limited region (-0.8 V to -0.2 V) when the CNTs were added 

to the MnO2 implying their contribution to the electrocatalytic activity of the optimized 

samples. 
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Figure 4-19 ORR polarization curve at ɤ= 1600 rpm for MnO2@CNT-G(MCG) and  

‌-MnO2 nanotubes in O2 saturated 0.1 M KOH solution at a scan rate = 10 mV s-1. 
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4.3.2.2 ORR performance of nitrogen-doped porous nanocarbon materials  

(N-C_800, N-C_1000, N-S-C_1000)  and manganese-based nanoparticles on  

N-doped nanocarbons (N-C@MCG_1000, and N-S-C@MCG_1000) 

In order to understand the electrocatalytic performance of N-S-C@MCG_1000, cyclic 

voltammetry (CV) was performed in O2 and N2 saturated 0.1 M KOH aqueous solution. 

As illustrated in Figure 4.20 in N2 saturated 0.1 M KOH the curve exhibits typical 

capacitance behaviour due to double layer capacitance of carbon-based material. When 

the O2 is purged in the electrolyte solution, there appears the cathodic reduction peak 

due to reduction of dissolved O2. 

 

Figure 4-20 Cyclic voltammetry (CV) in O2 saturated and N2 saturated 0.1 M KOH 

electrolyte at 100 mV s-1 scan rate for N-S-C@MCG_1000. 
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In Figure 4.21, a comparison of the CV curves for the as obtained electrocatalysts and 

Pt/C is illustrated. As can be noticed, N-C_1000 shows the poorest ORR catalytic 

activity due to lowest reduction potential. There is a shift in onset potential when 

comparing N-S-C_1000 (-0.108 V vs. Ag/AgCl) and N-C_1000 (-0.113 V vs. 

Ag/AgCl). In the presence of manganese oxide nanoparticles (N-S-C@MCG_1000), 

the curve exhibits a positively shifted onset potential (-45 mV vs. Vonset, Pt/C) while it 

was -52 mV vs. Vonset, Pt/C for N-C_MCG_1000.  

 

 

 

 

 

 

 

 

 

 

 

In comparison to N-C_1000, the incorporation of MCG to N-C_1000, to yield  

N-C@MCG_1000, enhances oxygen adsorption and improves the electrochemical 

activity of the catalyst by increasing the current density (+1.3 mA cm-2 increase) at the 

O2 reduction peak. There is an onset potential shift of +21 mV from N-S-C_1000 to  
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Figure 4-21 CV curves for N-C_1000 N-S-C_1000, 20 wt.% Pt/C, N-C@MCG_1000 

and N-S-C@MCG_1000. Scan rate= 100 mV s-1, O2 saturated 0.1 M KOH. 
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N-S-C@MCG_1000, attributed to a decrease in overpotential that improves the ORR. 

Also, the higher current densities and higher potential for the ORR could be attributed 

to the larger active surface area and low diffusion resistance. N-S-C@MCG_1000 has 

a relatively larger content of pyridinic N (48.32%) compared to pyrrolic N (42.45%), 

which could be a reason for the favourable 4e- reaction pathway. It is noted that a 

pronounced shift in the O2 reduction peak (+0.76 V) was observed for N-S-

C@MCG_1000 compared to N-C@MCG_1000. Also, there is a sharp increase in 

current density at the oxygen reduction peak for N-S-C@MCG_1000 (5.1 mA cm-2) 

compared to Pt/C (2 mA cm-2). These results show that N-doping on mesoporous 

carbon can enhance the activity towards ORR due to a combination of improvement in 

electronegativity of carbon and the synergetic effect of manganese oxide nanoparticles 

in N-S-C@MCG_1000. The effect of carbonization temperature (800°C, 1000°C) 

affected the intensity of the O2 reduction peak (Figure 4.22) for N-C_800 (2.45 mA cm-

2) and N-C_1000 (3.9 mA cm-2).   

 

 

 

 

 

 

 

 

 

Figure 4-22 CV for N-C_800 and N-C_1000. Scan rate = 100 mV s-1 in O2 saturated 

0.1 M KOH electrolyte. Scan rate = 100 mV s-1. 
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Rotating disk electrode (RDE) voltammetry was used to gain further insight of the ORR 

activity. In order to understand the kinetic processes, linear sweep voltammetry (LSV) 

tests were conducted at different rotating speeds from 400 rpm to 2000 rpm.  

In the LSV curves, N-C_1000 had higher limiting current densities (4.5 mA cm-2) and 

onset potential (-0.16 V) compared to N-C_800 (Jdl=3.6 mA/cm2, Eonset= -0.22 V), 

shown in Figure 4.23(b) and Figure 4.23(a), respectively. Also, the limiting current 

density for N-S-C_1000 (5.4 mA cm-2) is larger compared to N-C_1000 (5.16 mA/cm2), 

as seen in Figure 4.23(c). The ORR plot for N-S-C@MCG_1000 is shown in Figure 

4.23(d), where the diffusion-limited region is much smoother indicating better stability 

compared to the previous three. 
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Figure 4-23 ORR polarization curve for (a) N-C_800; (b) N-C_1000; (c) N-S-C_1000; 

and (d) N-C@MCG_1000 in O2 saturated 0.1 M KOH at scan rate= 10 mV s-1. 

c) d) 

a) b) 
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Figure 4-24 ORR polarization curves at 1600 rpm of N-S-C@MCG_1000,  

N-S-C_1000, N-C@MCG_1000, and N-C_1000 in O2 saturated 0.1 M KOH at scan 

rate = 10 mV s-1. Inset graph shows the region -0.25 V to -0.14 V. 

Figure 4-25 ORR polarization curve for 20 wt.% Pt/C in O2 saturated 0.1 M KOH at 

scan rate= 10 mV s-1. 
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The curves at different rotating speeds for N-S-C@MCG_1000 are shown in  

Figure 4.26, where the increase in rotating speed leads to an increase in diffusion-

limiting current. The O2 molecules are reduced to OH- at high overpotentials which 

lead to the diffusion-limiting current. As the rotating speed is increased, the O2 

diffusion rate to the electrode surface is quicker, which results in the larger reduction 

current densities. As can be noticed, the onset potential for N-S-C@MCG_1000 is 

relatively low (-87 mV) and near to the Pt/C onset potential (-42 mV from Figure 4.25). 

The next indicator is the half-wave potential, N-S-C@MCG_1000 had a half-wave 

potential of -162 mV while Pt/C was -139 mV indicating a 23 mV gap in reaction speed. 

The saturating current density for N-S-C@MCG_1000 was -5.5 mA cm-2 while for Pt/C 

-5.2 mA cm-2. 
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Figure 4-26 ORR LSV for N-S-C@MCG_1000 (scan rate 10 mV s-1) in O2 saturated 

0.1 M KOH. 
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The K-L plots for N-S-C@MCG_1000 (Figure 4.27) show a linear relationship 

between J-1 and ɤ-1/2, from slope of K-L plot. The K-L curve at different potentials  

(-0.4, -0.5 and -0.6 V vs. Ag/AgCl) was used to calculate the electron transfer number 

(n). The values of n are near 4 at these potentials for N-S-C@MCG_1000, indicating a 

uniform four-electron transfer pathway and OH- was the ultimate product rather than 

peroxide during the O2 reduction process.  

The electrocatalytic performance towards ORR for as synthesised electrocatalysts and 

Pt/C at 1600 rpm is illustrated in Figure 4.28. From the LSV curves at 1600 rpm in O2 

saturated 0.1 M KOH electrolyte, the onset potentials of N-S-C@MCG_1000,  

N-C@MCG_1000 and Pt/C are -0.067, -0.098, and -0.042 V, respectively, and their 

current densities at -0.2 V are 3.67, 3.54, and 3.40 mA cm-2, respectively.  
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Figure 4-27 Koutecky-Levich (K-L) plots for N-S-C@MCG_1000  

at -0.4 V, -0.5 V, and -0.6 V vs. Ag/AgCl. 
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N-S-C@MCG_1000 shows a more positive onset potential compared to N-S-C_1000 

and close to Pt/C. Possible explanation could be the higher pyridinic-N content in N-S-

C@MCG_1000 (48.32%) compared to N-C@MCG_1000 (29.47%). Strain and defects 

sites occur due to sulphur in the carbon material, which could facilitate charge 

localization and chemisorption of oxygen.187 The half-wave potential for  

N-S-C@MCG_1000 is only 23 mV more negative than Pt/C, confirming its excellent 

ORR activity.  

The uniform distribution of active sites in N-S-C@MCG_1000 is further confirmed by 

the flatter diffusion-limiting current compared to N-C@MCG_1000. These results are 

comparable to those obtained in CV analysis.  

 

 

 

 

 

 

 

 

Figure 4-28 LSV ORR plots at 1600 rpm for N-S-C-@MCG_1000, N-C_MCG_1000, 

N-S-C@Mn_1000, N-C_800, N-C_1000, N-S-C_1000, Ŭ-MnO2 nanotubes and Pt/C 

(scan rate: 10 mV s-1, O2 saturated 0.1 M KOH). 
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The corresponding electron transfer number (n) values for N-S-C@MCG_1000,  

N-C@MCG_1000, N-S-C_1000, N-C_1000, and Pt/C are 4.02, 3.98, 3.74, 3.6, and 3.9 

respectively as shown in Figure 4.29 and reported in Table 4-2. The nitrogen sites and 

C-N bonds have shown to enhance the catalytic performance, where pyridinic-N and 

pyrrolic-N provide an increase in the number of active sites in the carbon network. The 

graphitic edge sites have shown to have a much faster electron transfer rate high 

electrochemical activity than basal plane sites.188 Pyridinic nitrogen has shown to play 

an active role in the electrochemical performance towards ORR inducing charge 

redistribution and enhancing mass-transport of reactants.189, 190 The binding states are 

responsible for the activity and electron transfer process (2 e- vs. 4 e-) selectivity.191 

Pyridinic edge sites can enhance ORR since the edge planes facilitate oxygen 

chemisorption. DFT calculations suggest nitrogen is not itself the catalytically active 

Figure 4-29 Koutecky-Levich (K-L) plots at -0.5 V vs. Ag/AgCl for  

N-S-C@MCG_1000, N-C@MCG_1000, N-S-C_1000, N-C_1000, and Pt/C.  
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site but that the high electronegativity of nitrogen polarizes the C-N bond, and the 

adjacent carbon atom therefore has a reduced energy barrier towards ORR.192 The 

enhanced oxygen reduction activity for N-S-C@MCG_1000 can be attributed to its 

higher pyridinic-N content, and the synergetic effect between manganese oxide-

nanoparticles and N-doped carbon, along with high porosity and larger pore volume. A 

summary of the ORR performance of electrocatalyst synthesized in this work and 

compared to literature is shown in Table 4-3. A decrease in nitrogen content with 

increasing heat-treatment temperature led to an increase in limiting current densities 

(for N-C_800 and N-C_1000). Therefore, the ORR activity is not uniquely dependent 

on the total amount of doped nitrogen, but possibly more related to the doping position 

and local electron environments. A higher electron transfer number was calculated 

when the pyrolysis temperature increased from 800 (n= 2.5) to 1000°C (n= 3.6), as well 

as a positive shift in the onset potential. Also, the ORR behaviour was analysed in  

N-S-C@Mn_1000, where the CNTs were excluded, as illustrated in Figure 4.30. 

 

 

 

 

 

 

 

 

Figure 4-30 ORR polarization curve for N-S-C@Mn_1000 at scan rate = 10 mV s-1 in 

O2 saturated 0.1 M KOH. Inset shows the K-L plot at -0.4 V, -0.5 V and -0.6 V. 
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The current densities for N-S-C@Mn_1000 (2.2 mA cm-2 @ -0.5 V) are lower 

compared to N-S-C@MCG_1000 (5 mA cm-2) and the onset potential is also shifted 

more negatively (-172 mV vs. Vonset, Pt/C). In Figure 4.30 inset, the K-L plot for N-S-

C@Mn_1000 is shown where an average n= 2.37 was obtained. This shows that the 

ORR proceeds by the 2e- peroxide pathway and thus the reaction is slower for N-S-

C@Mn_1000.  

Tafel plots for ORR at 1600 rpm for N-S-C@MCG_1000, N-C@MCG_1000, and Pt/C 

are shown in Figure 4.31. The Tafel slopes for N-C@MCG_1000 (88.9 mV/dec) was 

relatable to N-S-C@MCG_1000 (82.7 mV/dec) indicating a markedly improved 

performance compared to Pt/C (92 mV/dec) with an enhancement in selectivity and 

ORR kinetics in the high overpotential region. The Tafel slopes for all the ORR 

catalysts synthesized in this work is shown in Figure 4.32.   

 

 

 

 

 

 

 

 

 

 

 

0.1 1 10

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

88.9 mV/dec

92 mV/dec
82.7 mV/dec

P
o

te
n
ti
a

l 
A

p
p
lie

d
 v

s
. 

A
g

/A
g

C
l 
(V

)

Current density (mA/cm
2
)

  Pt/C

  N-S-C@ MCG_1000

  N-C @ MCG_1000

  Linear fit

Figure 4-31 Tafel plots for N-S-C@MCG_1000, N-C@MCG_1000, and Pt/C derived 

from LSV at 1600 rpm. Linear fitting range between -0.15 to -0.2 V vs. Ag/AgCl. 
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The average electron transfer number for as synthesized electrocatalysts in this 

work is shown in Figure 4.33 (a). The relationship between the ETN and the 

onset potential in the selectivity for ORR pathway (4e- vs. 2e-) is shown in Figure 

4.33(b), indicating the impact of each factor (temperature, nitrogen doping, 

precursor use - L-cysteine vs. L-serine -, and CNT presence/absence).  

 

Figure 4-32 Linear fitting for the Tafel plots of N-S-C@MCG_1000, N-

C@MCG_1000, N-S-C_1000, N-C_1000, N-S-C@Mn_1000, Ŭ-MnO2 nanotubes and 

Pt/C at 1600 rpm in 0.1 M KOH. The Tafel slopes are calculated in the potential range 

of -0.15 to -0.2 V vs. Ag/AgCl. 
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Figure 4-33 (a) Electron transfer number (ETN, n) for MnO2 nanotubes,  

N-C_800/1000, N-C/N-S-C_1000, MnO2@CNT-G (MCG), N-C@MCG_1000. N-S-

C@MCG_1000, N-S-C@Mn_1000, and Pt/C; and (b) relationship between ETN and 

Eonset potential. 

(a) 

(b) 
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The long-term durability of N-S-C@MCG_1000 is studied through the 

chronoamperometric response at the ORR potential of -0.315 V (vs. Ag/AgCl in O2 

saturated 0.1 M KOH), shown in Figure 4.34. The permeability of the electro-active 

species at the electrodes surface is studied through i-t measurements. It can be noticed 

that N-S-C@MCG_1000 exhibits superior durability compared Pt/C catalyst. There is 

lower degradation in time compared to Pt/C and the slope is smaller compared to Pt/C 

indicating the higher permeation level to the glassy carbon electrode surface. 

In the first 2 hours, the current retention is 93.3% for N-S-C@MCG_1000, while it 

drops to 85% for Pt/C. After 7 hrs, the N-S-C@MCG_1000 electrode has a notable 

stability (maintains 90.2% activity), compared to Pt/C (80.5%). In long-term studies, 

after 22 hours the current is still relatively high for N-S-C@MCG_1000 (88.4%) while 

for Pt/C it significantly lowered to 74%. The long-term stability measurements indicate 

that N-S-C@MCG_1000 can replace Pt/C as both a cost-effective and durable catalyst. 

Figure 4-34 Chronoamperometric (i-t) response of N-S-C@MCG_1000 and 20 wt.% 

Pt/C at -0.315 V vs. Ag/AgCl for stability testing. 
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4.4 Summary 

In summary, an efficient and stable composite (N-S-C@MCG_1000) made of highly 

porous N-doped carbon with manganese oxide nanoparticles (NPs) has been 

synthesized, which shows a much-enhanced electrocatalytic activity towards ORR. The 

samples synthesized in this work were thoroughly investigated using advanced 

characterisation techniques such as XRD, XPS, SEM, TEM, Raman spectroscopy, 

FTIR, and BET SSA to confirm their structure, chemical composition, morphology, 

and surface area. The study in this work began by analysing the ORR performance of 

carbon-free MnO2 nanotubes and then integrating a carbon support including 

CNTs/graphene sheets to obtain MnO2@CNT-G (MCG) hybrid material. This was 

done initially to investigate the role of the carbon structure in the composite in 

enhancing the ORR performance, as noticed ORRMnO2@CNT-G>ORRMnO2. Hence, from 

here the realization to create a carbon network with nitrogen/sulphur doping in the 

material structure was idealized since pyridinic-N has shown to enhance the ORR 

performance. This led to the production of two distinct catalysts, N-C@MCG_1000, 

and N-S-C@MCG_1000, which can outperform previous reported catalysts due to the 

synergistic effect between manganese oxide nanoparticles and the N-doped 

mesoporous carbon. The pyrolysis at 1000°C enhanced the catalytic ORR performance 

for N-S-C@MCG_1000, with the lowest onset potentials and achieving a 4e- transfer. 

The electrocatalytic activity and performance obtained from the as-synthesized 

catalysts can be attributed to a multitude of factors including: high specific surface area 

(SSA), high pore volume of N-S-C@MCG_1000 that act as interconnected paths 

providing a quick and fast transport towards catalytic sites for both reactants and 
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products, carbon bonding (ˊ-orbital interactions and sp2 carbon bonds), and relative 

pyridinic nitrogen concentration.   

 

 

Table 4-2  List of the materials and reagents used in Chapter 4 along with their 

suppliers. 

Material/Reagent Supplier 

Potassium permanganate KMnO4 (Ó99%) Sigma Aldrich 

Hydrochloric acid HCl (å 37 %) Sigma Aldrich 

Multi-walled carbon nanotubes (MWCNTs) L 7-15 nm × 0.5-

10 ɛm 

Sigma Aldrich 

Sulphuric acid H2SO4  (95 - 98 %) Sigma Aldrich 

DI Water H2O (18 Mɋ cm) Water purifier 

L-cysteine C3H7NO2S ( 97 %) Sigma Aldrich 

Melamine C3H6N6 ( 99 %) Sigma Aldrich 

L-serine C3H7NO3 ( >99 %) Sigma Aldrich 

Ethanol C2H6O (absolute) Fisher 

Scientific 

Micro-polish Alumina (0.05 µm) Buhler 

Micro-polish Alumina (1 µm) Buhler 

Nitrogen gas BOC 

Oxygen gas BOC 

Potassium hydroxide KOH pellets(Ó85%) Sigma Aldrich 

NafionÊ perfluorinated resin solution  Sigma Aldrich 
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Table 4-3 Summary of catalysts, synthesis methods and electron transfer numbers (n) and comparisons with recent published articles on ORR 

electrocatalysts. 

Sample Description Synthesis method 

Loading 

(mg/cm2) 

Calculated 

Value 

ETN1 

(n) 

Ref. 

‌-MnO2 nanotubes Manganese oxide nanotubes 

Hydrothermal synthesis with KMnO4 and 

HCl for 12 hours at 140°C. 

0.565 2.2 

This 

work 

MnO 2@CNT-G 

(MCG) 

MnO2/carbon nanotube/graphene sheet 

KMnO4 + MWCNTs with H2SO4 oxidation 

at 80oC for 1 hour. 

0.565 3.81 

This 

work 

 
1 ETN: Electron transfer number 
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N-C_1000 <L-serine+melamine_1:4>@1000°C 

Grind in mortar and pestle to make uniform 

powder in mass ratio of 4:1 (melamine/l-

serine). Then ramp at 1000°C for 2 hours. 

N2 

0.565 3.6  

This 

work 

& 176 

N-C_800 . <L-serine+melamine_1:4>@800°C 

Grind in mortar and pestle to make uniform 

powder in mass ratio of 4:1 (melamine/l-

serine). 

Then, 800°C at a ramp rate= 2°C min-1 for 2 

hours under N2 atmosphere 

0.565 2.5 

This 

work 

& 149 

N-C@MCG_1000 

<L-serine+melamine_1:4 + 

MnO2@CNT-G>@1000°C 

Grind in mortar and pestle l-

serine/melamine with MnO2@CNT-G. 

Polymerization in nitrogen atmosphere for 2 

hours (600°C, 2.5°C min-1) + carbonization 

in N2 at 1000°C (2 hours at 2°C min-1). 

0.565 

3.98  

@-0.4 V 

to -0.6 V 

vs. 

Ag/AgCl 

This 

work 
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N-S-C_1000 <L-cysteine+melamine_1:4>@1000°C 

Grind in mortar and pestle to make uniform 

powder in mass ratio 4:1 (melamine/l-

cysteine). 

Subsequent carbonization at 1000°C for 2 

hours at 2°C min-1 under N2 atmosphere. 

0.565 

3.74  

@-0.4 V 

to -0.6 V 

vs. 

Ag/AgCl 

This 

work  

& 149 

N-S-C@Mn_1000 

<L-cysteine+melamine_1:4+ Ŭ-

MnO2>@1000°C 

Only MnO2 nanotubes, no CNTs present in 

powder ensemble, calcined at 1000°C for 2 

hours (in N2 atmosphere). 

0.565 2.37 

This 

work 

N-S-C@MCG_1000 

<L-cysteine+melamine_1:4 + 

MnO2@CNT-G>@1000°C 

Grind in mortar and pestle l-

cysteine/melamine with MnO2@CNT-G. 

Polymerization in N2 atmosphere at 2 hours 

(600°C, 2.5°C min-1) + carbonization in N2 

at 1000°C (2 hours at 2°C min-1). 

0.565 

4.02  

@-0.4 V 

to -0.6 V 

vs. 

Ag/AgCl 

This 

work 
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Pt/C 20 wt.% Pt/C - 0.2 3.9 

This 

work 

Co0.5Fe0.5S@N-

meso-graphitic  

- see ref. 0.8 3.8 193 

Ni0.5Co0.5Fe2O4 - see ref. 0.4 3.9 194 

LaNiO 3/NCNT - see ref. 1.22 3.9-4 195 

N-doped G/CNT - see ref. 0.25 

3.2-

3.3 

196 
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Table 4-4 Summary of the oxygen reduction reaction (ORR) performances of catalysts synthesized in this work and comparison to previous 

literature. 

Catalyst Synthesis method 

Loading 

(mg/cm2) 

Onset potential 

(V vs. Ag/AgCl) 

Shift in onset potential 

compared to Pt/C 

(mV) 

E1/2  

(V vs. 

Ag/AgCl) 

Electrolyte Ref. 

Ŭ-MnO2 nanotubes 

Hydrothermal 

annealing 

0.565 -0.196 -154 -0.340 0.1 M KOH 

This 

work 

MnO2/CNT/G (MCG) Precipitation 0.565 -0.102 -60 -0.150 0.1 M KOH 

This 

work 
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N-C_800 

Polymerization  

carbonization  

(600°C-800°C) 

0.565 -0.120 -78 -0.215 0.1 M KOH 

This 

work 

N-C_1000 

Polymerization  

carbonization  

(600°C-1000°C) 

0.565 -0.113 -71 -0.204 0.1 M KOH 

This 

work  

N-C@MCG_1000 

Polymerization  

carbonization  

(600°C-1000°C) 

0.565 -0.094 -52 -0.174 0.1 M KOH 

This 

work 
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N-S-C_1000 

Polymerization  

carbonization  

(600°C-1000°C) 

0.565 -0.108 -66 -0.196 0.1 M KOH 

This 

work 

N-S-C @Mn_1000 

Polymerization  

carbonization  

(600°C-1000°C) 

0.565 -0.214 -172 -0.251 0.1 M KOH 

This 

work 

N-S-C@MCG_1000 

Polymerization  

carbonization  

(600°C-1000°C) 

0.565 -0.087 -45 -0.162 0.1 M KOH 

This 

work 
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Pt/C / 0.2 -0.042 / -0.139 0.1 M KOH 

This 

work 

MnxOy(CoxOy)/N-

doped carbon 

Porphyrins 

synthesis, pyrolysis 

- -0.115 - - 0.1 M KOH 197 

N-S- mesoporous 

carbons 

Nanocasting - -0.115 - - 0.1 M KOH 198 

Mn3O4/N-rmGO 

Solvothermal 

process 

- -0.12 

-50  

(Eonset for Pt/C = -0.07V) 

- 0.1 M KOH 199 
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N-graphene/CNT CVD growth - -0.085 

-117 

(Eonset for Pt/C= 0.032V) 

- 0.1 M KOH 196 
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Chapter 5 . Influence of heteroatom (N-, S-, P-) doping 

in reduced graphene oxide for oxygen reduction 

reaction: role of active sites, porosity, and defects in 

enhancing the four (4e-) transfer process 

 

5.1 Introduction 

Graphene, a single layer of carbon atoms and reduced graphene oxide (few layers) 

covalently bonded exhibit range of excellent physical properties such as thermal 

conductivity and charge carrier mobility. The energy world has shifted in the past few 

years to alternative routes to obtain efficient materials that can outperform noble metal-

based catalysts such as Pt/C, Ir/C and RuO2. It is well known that noble metals have 

high catalytic properties. Pt on its own can effectively catalyse the ORR via a direct 4e- 

transfer pathway, however it is pricy and limited. Hence, the research to study the 

reduced graphene oxide has shifted in a direction where functionalities are introduced 

at the edges and corners of the hexagonal graphene structure through a hydrothermal 

process, where nitrogen/sulphur/phosphorus containing compounds (i.e. melamine, 

urea, thiourea, ammonium dihydrogen phosphate) are added and mixed with graphene 

oxide to obtain a composite structure with high porosity, conductivity and 

functionalities. Computational studies have shown that doping atoms in graphene can 

alter the chemical and electronic properties.200-202 Graphene doped with heteroatoms 

like sulphur, nitrogen, boron and iodine has shown to yield enhanced electrochemical 
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activity towards ORR. This can be explained by the fact that the electronegativity of 

the atoms (N: 3.04, S: 2.58, 2.19) differs from the carbon electronegativity (2.55) which 

breaks carbon electroneutrality. This in turn creates charged sites and favours the 

oxygen adsorption during the ORR. The co-doping of phosphorus and nitrogen in the 

graphene structure has shown to create a synergetic effect and enhance the ORR.203 

In this work, both mono-doped (N) reduced graphene oxide by using two starting 

precursors (melamine and urea) and then heteroatom doped reduced graphene oxide by 

using thiourea and melamine (N-S-rGO) and ammonium dihydrogen phosphate (N-P-

rGO) have been synthesized. The electrocatalytic performance toward ORR has been 

evaluated using rotating disk electrodes and cyclic voltammetry. The heteroatom doped 

reduced graphene oxides were characterized using SEM, XRD, XPS, FTIR, TEM, 

Raman spectroscopy, thermogravimetric analysis (TGA) and BET specific surface area 

(SSA). The graphene oxide starting material was synthesized in four different batches 

(GO-1, GO-2, GO-3, and GO-4) to both confirm the reproducibility of the Modified 

Hummers method and also to obtain graphene oxides with desirable interlayer spacings. 

It was discovered that GO-4 was the optimized graphene oxide due to its high level of 

oxidation from graphite to graphene oxide, which was considerably lower for the GO-

1 to GO-3 batches. Therefore, GO-4 was used as starting graphene oxide precursor to 

synthesize the nitrogen-doped, nitrogen-sulphur co-doped, and nitrogen-phosphorus 

co-doped composites. First, the physical properties (structure, chemical environment, 

functionalities) of graphene oxide and reduced graphene oxide derivatives were studied 

in depth to determine the effective reduction of GO to rGO. Then, once these were 

optimize, the heteroatom doped graphene materials were investigated in their 

electrochemical performance towards ORR. 
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5.2 Experimental  

5.2.1 Catalysts synthesis 

The catalysts were prepared according to the procedures previously described in 

Chapter 3.1.6 to 3.1.8. A schematic diagram of the synthesis procedure is shown in  

Figure 5.1.  

Figure 5-1 Schematic routes starting from graphene oxide (GO) to obtain  

N-rGO-800, N-S-rGO-800, and N-P-rGO-800. 



171 

 

5.2.2 Physical and electrochemical characterization  

The materials were physically characterized using the same instruments as in  

Chapter 4. A Nova Autolab potentiostat (Metrohm) was used to characterize the 

electrochemical properties for ORR of the as-synthesized catalysts. A rotating disk 

electrode (RDE) with a glassy carbon electrode (GCE) half-cell setup was used to 

investigate the kinetics of ORR, where the WE was the GCE. The working electrode 

was fabricated by pipetting a dose of Nafion-catalyst ink solution on the GCE (5 mm 

diameter, A= 0.196 cm2). Before drop-casting the catalyst ink on the surface of the 

GCE, the surface was polished with alumina powder solution and then sonicated for 10 

minutes in DI water to obtain a clean surface. The catalyst ink solution consisted of 10 

mg catalyst, 40uL Nafion perfluorinated 5 wt.%, and 1 mL H2O/EtOH (9:1). The 

catalyst ink solution was sonicated prior to analysis. 5 µL of the ink were deposited on 

the GCE and then dried at room temperature. The catalyst loading was determined to 

be 0.255 mg cm-2. The catalysts were each tested under the same conditions for cyclic 

voltammetry (CV): 100 mV s-1 scan rate in O2 saturated 0.1 M KOH at potential 

window -0.8 V to 0.2 V vs. Ag/AgCl. Linear sweep voltammetry (LSV) was conducted 

in O2 satd. 0.1 M KOH at rotation rates: 400, 800, 1200, 1600, and 2000 rpm at a scan 

rate of 10 mV s-1. A Pt-foil was used as counter electrode and Ag/AgCl (saturated 3 M 

KCl) was used as reference electrode. Both electrodes were properly washed with DI 

water several times before use. Ohmic drop (iR) correction was performed on all 

measured data. 
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5.3 Results and discussion 

5.3.1 Physical and structural characterization 

5.3.1.1 Graphene oxide (GO-1, GO-2, GO-3, GO-4) 

Figure 5.2 shows the XRD pattern of graphene oxide (GOx) and graphite. It can be 

noticed that there is a peak at 2ɗ=21.12Á (002) for graphite. Upon oxidation of graphite 

to graphene oxide, the 002 reflection peak shifts to lower angle (2ɗ =11.3Á,  

d-spacing= 0.774 nm). Increase in d-spacing is due to water molecules intercalation 

and formation of oxygen containing functional groups between the graphite layers. 

Upon reduction of graphene oxide to reduced graphene oxide (rGO), the XRD pattern 

shows a distinctive broad peak at 25.4° that corresponds to (002) plane of graphitic 

interlayer spacing and a smaller intensity peak at 43.4° for (110) in-plane hexagonal 

atom arrangement of graphene.  
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Figure 5-2 XRD patterns for graphite (top) and graphene oxide (bottom). 
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The graphene oxide samples were synthesized in four different batches to understand 

the reproducibility and effectiveness of the experiment to obtain GO from modified 

Hummers method. XRD results confirmed that as the oxidizing time increased and 

the method used for each sample (GO-1 to GO-4) was varied, there was a shift in the 

carbon peak of graphene oxide (2ɗ=9.4-10.4°) resulting in a decrease in interlayer 

spacing (d). The interlayer spacing for GO-1 to GO-4 was calculated using Braggôs 

Law: 

‗ ςὨίὭὲʃ 

 

where Ѧ is the wavelength of the X-ray beam (0.154nm), d is the distance between 

the adjacent GO sheets or layers, ɗ is the diffraction angle. The 2-theta value was 

measured at the peak corresponding to graphene oxide in the region 9°-11°. Hence the 

corresponding interlayer spacing values (d) were as follows: dGO-1=0.939 nm for  

GO-1, dGO-2=0.818 nm for GO-2, dGO-3=0.841 nm for GO-3, and dGO-4=0.849 nm for 

GO-4. These values of interlayer spacing do agree with reported values for graphene 

oxide indicating that graphene oxide was successfully obtained as final product and 

not derivatives such graphite oxide. Figure 5.3 shows the XRD patterns for graphene 

oxide samples (GO-1, GO-2, GO-3, and GO-4) illustrating the shift in lattice peak 

(001) for graphene oxide, implying a better oxidized graphene oxide material. 
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The graphene oxide (GO) samples were further characterized using X-ray 

photoelectron spectroscopy (XPS) to determine the chemical composition and 

oxidation levels for GO-1 to GO-4. Figure 5.4 shows the XPS survey spectra and high-

resolution C 1s, and O 1s spectra for GO-1 (Figure 5.4 a-c), GO-2 (Figure 5.4 d-f), 

GO-3 (Figure 5.4 g-i), and GO-4 (Figure 5.4 j-l). It can be noticed that the intensity 

of oxidation levels increases when going from samples GO-1 to GO-4. The samples 

were recorded in two-different spots on the XPS sample holder to determine the 

uniformity which was similar across all samples analysed. The increased oxidation is 

confirmed by an increased concentration of epoxy, hydroxyl, and carboxylic on the 

graphene basal plane and edge using XPS spectroscopy. 
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Figure 5-3 XRD patterns for graphene oxide synthesized in four different batches (GO-

1, GO-2, GO-3, GO-4) indicating the reproducibility of the modified Hummers  method 

and the effective oxidation of graphite to graphene oxide through the use of H2SO4. 
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Figure 5-4 XPS survey spectra, C 1s and O 1s high-resolution spectra for graphene 

oxide materials including (a-c) GO-1, (d-f) GO-2, (g-i) GO-3 and (j-l) GO-4 with 

corresponding fitting peaks. 
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5.3.1.2 Reduced graphene oxide 

Reduced graphene oxide was obtained using both chemical reduction and 

hydrothermal reduction processes. The chemical reduction of GO to rGO was carried 

out using l-ascorbic acid reducing agent as explained previously. Here the yield was 

definitely larger compared to the hydrothermal reduction method where the yield ratio 

was 3chemical-reduction:1hydrothermal-reduction. Though the chemical reduction method is 

preferable to obtain larger quantities of rGO, the negative side effect is the 

introduction of acids in the graphene oxide which lower the pH value of the final 

product. Hence, washing with water (3 L) the rGO (1 L) solution definitely reduces 

the yield though marginally compared to the hydrothermal method. Figure 5.5(a) 

shows the XRD patterns for reduced graphene oxide using the hydrothermal method 

and for the carbonized rGOs at high temperature (800C) using both a 1-step (800°C 

ramp direct) and 3-step (115, 450, 800°C) approach. As can be noticed from the XRD, 

the GO peak in the region 2ɗ=9-12° has vanished due to the effective reduction of GO 

to rGO. The new peaks present are in the region 2ɗ=25.5-27.5° representing the 

carbon peak for graphene/rGO indicating an effective decrease in interlayer spacing 

(d) between the graphene nanosheets using Braggs Law to obtain the d-spacing. 

Hydrothermally reduced graphene oxide (rGO-160-15h) showed a carbon peak (002) 

at 2ɗ=25.49° and another peak for (100) and (101) at 2ɗ=42.6 and 43.7, respectively. 

The high-temperature annealed graphene oxides using the 1-step and 3-step reduction 

methods (rGO-800-1-step, rGO-800-3-step) showed similar peaks as expected, with 

more broad peaks in the same scanning regions in XRD. The XRD peaks for rGO-

800-1-step were located at 2ɗ=25.8° (002) and 41.8° (100). For rGO-800-3-step the 

XRD peaks were located at 2ɗ=26.1° (002) and 42.46° (100).  
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The FTIR spectra for GO, graphite, rGO-800-1-step, and rGO-800-3-step. Figure 

5.5(b). For graphite there were no evident peaks as there was no hydroxyl and 

carboxyl groups present as expected. Graphene oxide (GO) showed a characteristic 

hydroxyl peak at 3400.5 cm-1, a C=O peak at 1731.2 cm-1, and a C=C peak at 1621.5 

cm-1. More peaks were present at later wavelengths due to C-O functional groups in 

GO, as expected. Both rGO-800-1-step and rGO-800-step showed no hydroxyl peak 

in the region 3000-3500 cm-1, indicating the effective reduction and increase in 

carbonaceous content in the starting graphene oxide. The intensity peaks were 
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Figure 5-5 (a) XRD patterns for rGO-800-3-step, rGO-800-1-step, and rGO-160-15h. 

(b) FTIR spectra of graphene oxide (GO), graphite, rGO-800-1-step and rGO-800-3-

step. (c) Raman spectra for rGO-800-3-step, rGO-800-1-step. (d) Raman spectra for 

graphite powder. 
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detectable at 1250-1500 cm-1 wavelength range that can be attributed to C=C (sp2) 

and C-C functional groups in both rGO-800-1-step and rGO-800-3-step. 

Figure 5.5(c) shows the Raman spectra for reduced graphene oxides at different 

temperatures (160, 800-1/3-step). It can be noticed the characteristic D-peak and G-

peak present in graphene oxide/graphene nanomaterials that are attributed to the level 

of disorder and graphitization in the carbon material, respectively. As illustrated, it 

can be noticed that the effective ratios of D-peak to G-peak intensity (Dpeak/Gpeak) 

effectively increases going from rGO-160-15-h to rGO-800-3-step. The D/GrGO-160-15h 

was equal to 0.86; D/GrGO-800-1-step=0.89 and D/GrGO-800-3-step=0.91. Figure 5.5(d) shows 

the Raman spectrum for graphite powder. 

Next, the chemical composition of rGO-800-1-step and rGO-800-3-step was studied 

using XPS survey and high-resolution scans. Figure 5.6(a) shows the XPS survey 

spectra for GO, rGO-800-1-step, and rGO-800-3-step. The net increase in C1s intensity 

peak is observed when transitioning from GO to rGO-800-3-step indicating the 

effective reduction of graphene oxide to graphene/reduced graphene oxide. The O1s 

intensity peak considerably lowers when going from GO to rGO-800-3-step indicating 

the removal of oxygen groups in both reduced graphene oxides material structures. 

Figure 5.6(b) shows the C 1s high-resolution spectrum for rGO-800-1-step, where it is 

noticed from the curve shape that the characteristic two-peak curve present in graphene 

oxides is not present in reduced graphene oxides, indicating the suppression/lowering 

of oxygen functional groups and bonds in graphene. Here, instead a single peak curve 

is present for C 1s, where peak fitting is applied to fit the XPS scan in six different 

peaks ï which are attributed to different chemical environments present in rGO-800-1-

step. The main peaks are located at binding energies corresponding to 284.8 eV (C=C), 
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285.7 eV, 286.5 eV, 287.4 eV, 288.3 eV and 289.5 eV. Figure 5.6(c) shows the C1s 

high-resolution spectrum for rGO-800-3-step. The main peaks are located at binding 

energies corresponding to 284.1 eV (C=C), 285.2 eV (C-C), 286.1 eV (C-O), 287.5 eV 

(C=O), and 288.5 eV (O=C-O). It can be noticed that the relative intensity of the C= 

peak is three times as large as the rest of the peaks. This indicates the effective 

carbonization of graphene oxide to graphene, introducing enhanced sp2 carbon groups 

in the material structure. The carbon content was 97.28 at.% while the oxygen content 

was 2.72 at.% in rGO-800-3-step. 

   

 

 

Reduced graphene oxide at high temperature (800°C) was obtained for the first four 

graphene oxide batch (GO-1, GO-2, GO-3, and GO-4) to lead to rGO-800-1, rGO-

800-2. rGO-800-3, and rGO-800-4. The XPS survey spectra and high-resolution C 1s 

and O1s for the reduced graphene oxides at 800°C are shown in Figure 5.7. It can be 

noticed that the ratio of carbon to oxygen peak intensity (C/O) in reduced graphene 

oxides is largely increased when compared to the graphene oxides (GO-1 to GO-4) in 

Figure 5.4. Ratios started varying from C:95%/O:5% in rGOs while for GO this was 

C:60/%O:40%. 
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Figure 5-6 (a) XPS survey spectra for GO, rGO-800-1-step and rGO-800-3-step. Core 

level high-resolution C1s XPS spectra for (b) rGO-800-1-step and (c) rGO-800-3-step. 
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Figure 5-7 XPS survey spectra, C 1s and O 1s high-resolution spectra for graphene 

oxide materials including (a-c) rGO-800-1, (d-f) rGO-800-2, (g-i) rGO-800-3 and (j-l) 

rGO-800-4 with corresponding fitting peaks. 
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Table 5-1 shows the relative concentrations of carbon (C) and oxygen (O) species in 

the graphene oxide samples (GO-1 to GO-4) and the thermally reduced graphene 

oxide samples at 800°C using a three-step methodology. It can be noticed that for 

graphene oxide the O/C ratio increases going from GO-1 to GO-4 indicating the higher 

oxidation levels for GO-4. The O/C ratio was equal to 0.46 for GO-4 while it was 0.28 

for GO-1 indicating that the graphene oxide material was more oxidized using the 

fourth synthesis method. Furthermore, the GO-1 to GO-4 samples were thermally 

reduced at high-temperature using a tubular furnace in controlled gas environment to 

obtain rGO-800-1, rGO-800-2, rGO-800-3, and rGO-800-4. 

  

Table 5-1 XPS surface elemental analysis of graphene oxide samples (GO-1, GO-2, 

GO-3, and GO-4) and reduced graphene oxide samples (rGO-800-1, rGO-800-2, rGO-

800-3, and rGO-800-4). Average value is obtained from the spectra measured at two 

random spots on each sample. 

Sample C (at.%) in average O (at.%) in average O/C ratio C/O ratio 

rGO-800-1 96.64 3.36 0.03 28.76 

rGO-800-2 93.92 6.08 0.06 15.45 

rGO-800-3 95.85 4.15 0.04 23.10 

rGO-800-4 95 5 0.05 19.00 

GO-1 78.19 21.81 0.28 3.59 

GO-2 75.68 24.32 0.32 3.11 

GO-3 74.89 25.11 0.34 2.98 

GO-4 64.97 30.05 0.46 2.16 
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The C 1s high-resolution spectra indicate the formation of four, five different types of 

bonds in the thermally treated reduced graphene oxides (rGO-800-1 to rGO-800-4), 

as illustrated in Figure 5.7 (b, e, h, k). It can be noticed that the main peak for C=C 

sp3 carbon occurs in the region 284.3 to 284.6 eV. The remaining peaks are attributed 

to C-O/C-OH (285.7 eV to 286.7 eV), and C=O/COO- (287.9 eV to 289.2 eV) 

The O 1s high-resolution spectra for thermally reduced graphene oxides are shown in 

Figure 5.7 (c f, i, l). The main peaks are attributed to C-O (533 eV to 533.5 eV), 

C=O/O-H/C-O-C (532 eV) and C=O (528 eV).  

 

Table 5-2 XPS carbon functional groups analysis of reduced graphene oxide samples 

(rGO-800-1, rGO-800-2, rGO-800-3, and rGO-800-4). The atomic percentage is 

estimated from the C 1s peaks. 

Sample C=C/C-C  

(284 eV to 284.6 eV)   

C-O/C-OH  

(287 to 288 eV)  

C=O/COO-  

(288.5 to 290 eV) 

rGO-800-1 67.43 19.37 13.2 

rGO-800-2 62.89 27.99 9.12 

rGO-800-3 66.60 10.68 22.72 

rGO-800-4 76.68  15.62 7.70 

 

Figure 5.8(a) shows the thermogravimetric analysis (TGA) curve for graphene oxide. 

The evaporation of water molecules adsorbed in GO resulted in a weight loss at 100°C. 

The decomposition of oxygen containing groups occurs at approximately 200°C, and 

afterwards a gradual weight loss is observed. Figure 5.9(b) shows the TGA curve for 
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reduced graphene oxide. For rGO there is an initial decrease till 100°C, followed by a 

second decrease in weight with greater slope at approximately 300°C (ii). 

 

 

 

 

 

 

 

Figure 5.9 shows the BET N2 adsorption-desorption isotherms for graphene oxide, 

reduced graphene oxide (with l-ascorbic acid), and high-temperature annealed graphene 

(rGO-800). It can be noticed that the BET SSA for graphene oxide (GO) is relatively 

really low as expected, since the material has not been pyrolyzed. It can be noticed that 

the relative intensity of the quantity adsorbed and hence specific surface area (SSA) 

increases in the order SSAGO<SSArGO-L-AA< SSArGO-800. 
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Figure 5-8 Thermogravimetric (TGA) curves for (a) graphene oxide (GO), and (b) 

reduced graphene oxide (rGO). 

Figure 5-9 N2 adsorption-desorption isotherms for (a) GO, (b) rGO-reduced by L-

ascorbic acid, and (c) rGO-800. 

a) b) c) 



184 

 

5.3.1.3 Nitrogen doped reduced graphene oxide, nitrogen-sulphur co-doped 

reduced graphene oxide, and nitrogen phosphorus co-doped reduced graphene 

oxide 

The XRD patterns for the un-doped rGO-800 and nitrogen doped (N-rGO-800urea, N-

rGO-800mel) post-pyrolysis are shown in Figure 5.10(a). It can be noticed that the 

characteristic peak at 2ɗ=25.45ÁÑ 0.5Á is present for both un-doped and doped rGOs. 

The graphitic carbon structure is well-maintained across the three samples and it shows 

that even though decomposition may occur due to melamine and urea, there is not a 

detrimental effect on its graphitic properties. 

Figure 5.10(b) shows the XRD patterns for N-S-rGO-800 and N-P-rGO-800. Similar 

peaks were observed here as well though they become broader and less intensity 

indicating the successful reduction of graphene oxide to doped graphene oxide. 
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Figure 5-10 (a) XRD patterns for rGO-800, N-rGO-800urea, and N-rGO-800mel and (b) 

XRD patterns for N-S-rGO-800 and N-P-rGO-800. 
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X-ray photoelectron spectroscopy (XPS) was used to identify the chemical 

environments in the calcined high temperature nitrogen-doped, nitrogen/sulphur co-

doped, and nitrogen/phosphorus co-doped samples, as seen in the XPS survey spectra 

for N-rGO-800urea, N-rGO-800melamine, N-S-rGO-800, and N-P-rGO-800 in Figure 5.11. 

This shows the presence of nitrogen, sulphur, and phosphorus in the corresponding 

samples. Substitution level of heteroatoms was calculated from the relative intensities 

of N1s, S2p, and P2p within the survey spectrum of the heteroatom doped reduced 

graphene oxide materials. As can be noticed, the N1s peak for nitrogen is sharper and 

increases in value when going from GO to N-rGO-800. This indicates the effective 

incorporation of nitrogen functionalities in the doped samples. Also it can be noticed, 

two peaks each for N-S-rGO-800 for sulphur (S2p at 160 eV and S2s at 225 eV). In  

N-P-rGO-800, two peaks also are noticed for phosphorus (P2p at 132 eV and P2s at 

190 eV) indicating the effective phosphorus doping in the graphene-based samples.  
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Figure 5-11 XPS survey spectra of GO, rGO-800, N-rGO-800mel, N-rGO-800urea,  

N-S-rGO-800 and N-P-rGO-800. 
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The C1s elemental XPS spectra for the nitrogen-doped, nitrogen/sulphur co-doped, and 

nitrogen/phosphorus co-doped samples are shown in Figure 5.12(a-d).  

 

 

 

 

The C1s spectrum for N-rGO-800urea, in Figure 5.12(a), indicates the presence of strong 

C=C bond at binding energy of 284.5 eV for sp2 hybridized carbon. The peak at 286.2 

eV can be attributed to C-C/C-N, while the remaining peaks at 287.8 eV to C-O and at 

289.1 eV for C=O/O=C-O functional group. Figure 5.12(b) shows the C1s for  

N-rGO-800mel, where the corresponding peak for sp2 carbon is located at a binding 

energy of 284.5 eV. The remaining peaks are C-C/C-N(286.4 eV), C-O(287.8 eV), C=O 
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Figure 5-12 C1s XPS high-resolution spectra of (a) N-rGO-800urea, 
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(289.2 eV), and O=C-O (290.8 eV). Figure 5.12(c) shows the C1s for N-S-rGO-800 

indicating the presence of four peaks for sp2-carbon (284.5 eV), C-S/C-N (282.8 eV), 

C-O(285.8 eV), and C=O/O=C-O (287.5 eV). Figure 5.12(d) shows the C1s spectrum 

for N-P-rGO-800, where the sp2 carbon peak occurs at 284.5 eV and the remaining 

peaks are attributed to C-C(285.8 eV), C-O(286.7 eV), and C=O/O=C-O(289 eV). 

To confirm the incorporation and doping of nitrogen in the graphene-based structures 

(N-rGO-800urea/mel, N-S-rGO-800, and N-P-rGO-800), high-resolutions scans of N1s 

were conducted in XPS as shown in Figure 5.13.  
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Figure 5-13 XPS N1s high-resolution spectra for (a) N-rGO-800urea, (b) N-rGO-800mel,  

(c) N-S-rGO-800, and (d) N-P-rGO-800. 
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Figure 5.13(a) shows the N1s high resolution XPS spectrum for N-rGO-800urea where 

three distinct peaks can be noticed for pyridinic-N (397.2 eV), pyrrolic N (398.5 eV), 

and graphitic N (400.7 eV). Figure 5.13(b) shows the N1s for N-rGO-800melamine, 

and two peaks are noticed for pyridinic-N (397.8 eV) and pyrrolic-N (399.4 eV). Figure 

5.13(c) shows the N1s spectrum for N-S-rGO-800 where four different peaks are 

present after fitting indicating the presence of pyridinic-N (396.5 eV), pyrrolic-N (398.5 

eV)), graphitic-N (399.8 eV), and oxidized-N/Q-N(402 eV). Figure 5.13(d) shows the 

N1s spectrum for N-P-rGO-800, where three distinct peaks are present for pyridinic-N 

(396.2 eV), pyrrolic-N (397.8 eV), and graphitic-N(399.8 eV). The variation in peak 

position from literature could be attributed to the effect of high pyrolysis temperature 

introducing defects in the graphene structure, and hence altering the relative binding 

energies of this N functionalities. The relative nitrogen content is significantly lowered 

when comparing the post-hydrothermal treated samples (N-rGO, N-S-rGO, N-P-rGO) 

to the carbonized samples (N-rGO-800, N-S-rGO-800, N-P-rGO-800) indicating that 

thermal decomposition of melamine, urea, thiourea, and ADP significantly destabilizes 

and eventually degrades. The relative nitrogen concentration for N-rGOurea and N-

rGOmel are 4.41 at.% and 4.54 at.%, respectively. For N-P-rGO-800, the nitrogen 

content was found to be 3.16 at.%. N-S-rGO-800 had a N content of 9.95 at.%. It can 

be seen that pyridinic-N is not degraded with pyrolysis at high temperature.  

N-rGO-800mel had a higher concentration of pyridinic-N compared to N-rGO-800urea 

due to a possible resistance to degradation by melamine. The N-content is higher in  

N-S-rGO-800 due to a combined effect of both nitrogen precursors used during its 

synthesis in hydrothermal that effectively enhanced the C-N bond strength and 

increased resistivity to thermal degradation. Pyridinic-N was found to be lower in N-
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rGO-800urea compared to N-rGO-800mel. For N-S-rGO-800, pyridinic N was 42.59% 

(relative to other N species) while for N-P-rGO-800, it lowered to 31.16 %. 

Next, the co-doped N-S-rGO-800 and N-P-rGO-800 samples were analysed for their 

sulphur and phosphorus surface chemistry in XPS. The high-resolution XPS elemental 

scans for N-S-rGO-800 (S 2p) and N-P-rGO-800 (P 2p), respectively, are shown in 

Figure 5.14. 

 

     

As it can be seen, the main peaks in S2p correspond to S2p1/2 and S2p3/2 (Figure 5.14 

a). These occur at binding energies of 161.8 eV and 163 eV. Other peaks are obtained 

as well for oxidized sulphur (C-SOx-C) at binding energies of 164.5 eV and 169.2 eV. 

For N-P-rGO-800, the P2p spectrum (Figure 5.14 b) shows two main peaks 

corresponding to P-C(131.8 eV) and P-O(133 eV). The relative intensities show that  

P-C is greater content compared to P-O, indicating the effect of high-temperature 

treatment in favouring formation of carbon bonds over oxygen bonds.  

a) b) 

Figure 5-14 XPS high-resolution spectra for S2p (a) for N-S-rGO-800. The bottom plot 

(b) shows the P2p spectra for N-P-rGO-800. 
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The SEM morphologies for graphite powder is shown in Figure 5.15(a). It can be 

noticed that upon oxidation to graphene oxide (GO) there are more exfoliated sheets 

and lamellar-like sheets in the sample (Figure 5.15 b). Nitrogen-doped reduced 

graphene oxides (N-rGO-800urea and N-rGO-800mel) were further investigated for their 

morphology using SEM (Figure 5.15 (c-d). It can be seen that lamellar like graphene 

sheets are produced upon pyrolysis at 800°C for both N-rGO-800urea and N-rGO-

800melamine.  

 

 

 

 

 

 

 

 

 

 

 

 

The transmission electron microscopy (TEM) images for graphene oxide (GO) and 

rGO-800-3-step are shown in Figure 5.16. As it can be noticed, the petal like graphene 

oxide sheet shows layer structure.  

Figure 5-15 SEM images for (a) graphite powder; (b) graphene oxide (GO); 

 (c) N-rGO-800urea; and (d) N-rGO-800mel. 

a) b) 

c) d) 
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The SEM and TEM images for N-rGO-800mel, N-S-rGO-800 and N-P-rGO-800 are 

shown in Figure 5.17. Transparent like sheets are visible for both single doped and 

a) b) 

a) b) 

c) d) 

Figure 5-17 SEM (a) and TEM (b) for nitrogen-doped reduced graphene oxide  

N-rGO-800mel. The TEM images for (c) N-S-rGO-800 and (d) N-P-rGO-800. 

Figure 5-16 TEM images of (a) GO and (b) rGO-800-3-step. 
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heteroatom doped reduced graphene oxides. It is possible that a formation of few layers 

graphene was obtained for all the pyrolyzed samples.  

Raman has been used to clarify the vibrational, rotational, and other low-frequency 

modes in a system, and has been used characterize the structure of carbon materials ï 

defects and degree of ordering of carbon. The G-band is related to the E2g vibration 

mode of sp2 carbon domains, which is used to explain the degree of graphitization, 

while the D-band is associated with structural defects and partially disordered structures 

of sp2 domains. Figure 5.18 shows the Raman spectra for rGO-800, N-rGO-800urea, N-

rGO-800mel, N-S-rGO-800 and N-P-rGO-800.  

 

 

 

 

 

 

 

 

 

 

 

The G-peak position shifts from 1598 cm-1 for the urea sample to 1592 cm-1 for the 

melamine sample. This factor could describe the increased number of defects in the 
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Figure 5-18 Raman spectra of rGO-800, N-rGO-800urea, N-rGO-800mel,  

N-S-rGO-800 and N-P-rGO-800. 
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latter. The ID/IG values for N-S-rGO-800 and N-P-rGO-800 were equal to 1.09 and 1.1, 

respectively. 

Next, the textural and porosity characteristics of the samples using BET were studied. 

The corresponding nitrogen adsorption-desorption isotherms for N-rGO-800mel,  

N-S-rGO-800 and N-P-rGO-800 are shown in Figure 5.19.  
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carbon (2-50 nm). The heteroatom doped N-S/N-P-rGO-800 showed both mesoporous 
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Figure 5-19 N2 adsorption-desorption isotherms for (a) N-rGO-800mel;  

(b) N-S-rGO-800 and (c) N-P-rGO-800; (d) pore-size distribution  

for N-P-rGO-800. 
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(specific surface area) was achieved for N-S-rGO-800 where this was equal to  

275 m2 g-1. By comparison, N-rGO-800mel had a BET SSA of 91.4 m2 g-1 while 

N-P-rGO-800 was equal to 241.1 m2 g-1. The pore volume for N-rGO-800mel was equal 

to 0.51 cm3 g-1 while for N-S-rGO-800 it was equal to 2.51 cm3 g-1. The highest pore 

volume was obtained for N-P-rGO-800, where this totalled to 3.82 cm3 g-1. The initial 

properties of graphene oxide (GO) show low surface areas  

(<20 m2 g-1) and by comparing peak ratios (ID/IG) with Raman spectroscopy, these 

showed an increase in value implying higher disordered carbon structures.  

 

Table 5-3 BET Specific surface area (SSA) and pore volumes for graphene oxide, N-

doped reduced graphene oxide and heteroatom doped rGO (N-S, N-P). 

 

Catalyst BET specific surface 

area SSA (m2 g-1) 

Pore volume (cm3 g-1) 

Graphene oxide (GO) 21 0.03 

N-rGO-800mel 91.4 0.51 

N-S-rGO-800 275 2.51 

N-P-rGO-800 241.18 3.82 
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5.3.2 Electrochemical characterization 

In order to explore and understand the electrocatalytic activity of the single doped rGO 

(N) and heteroatom doped rGO (N-S, N-P) for ORR, cyclic voltammetry experiments 

were conducted on a bare GCE and on the coated GCE with GO, rGO-800,  

N-rGO-800mel/urea, N-S-rGO-800 and N-rGO-800 in 0.1 M KOH (O2 saturated). Figure 

5.20 shows the CV curves for N-rGO-800mel, N-S-rGO-800 and N-P-rGO-800 

electrodes with each having an oxygen reduction peak. The ORR peak potential 

positively shifted from -0.28 V for N-rGO-800mel to -0.21 V for N-S-rGO-800. For  

N-P-rGO-800, the peak was located at -0.203 V and attained a higher current density 

compared to N-S-rGO-800.  
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Figure 5-20 Cyclic voltammetry (CV) curves for N-rGO-800mel, N-S-rGO-800, and  

N-P-rGO-800. Scan rate = 100 mV s-1, O2 saturated 0.1 M KOH. 
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The more positive peak for N-P-rGO-800 and higher current density could be attributed 

to a possible enhancement effect of nitrogen-phosphorus co-doping that enhances the 

catalytic activity of the un-doped rGO-800. The relative CV area of N-P-rGO-800 was 

greater than GO and rGO-800, suggesting that there was more electroactive species 

which confirms BET results. The influence of the surface area on the shape and 

electrochemical activity towards ORR as measured using cyclic voltammetry is of 

capillary importance in electrochemistry. The electrochemical active surface area 

(ECSA) is the effective area of interest when considering the electrochemical reaction 

in question. 

Next, the linear sweep voltammetry performance (LSV) performance curves for both 

the un-doped and doped rGO samples in oxygen saturated 0.1 M KOH electrolyte 

solution at a rotating speed of 1600 rpm for the rotating disk electrode (RDE) were 

measured. A comparison of LSV curves for the doped, un-doped rGO and Pt/C catalysts 

is shown in Figure 5.21. As can be noticed, N-P-rGO-800 had much more positive onset 

potential and higher limiting current density compared to the rest of the catalysts and 

Pt/C as well. This indicates that the heteroatom doping of phosphorus and nitrogen on 

graphene enhances deeply the ORR compared to just N-doped rGOs. There was a 

similar onset potential observed for N-rGO-800urea and N-rGO-800mel, but the limiting 

current density was higher for the latter. As can be noticed, graphene oxide (GO) has 

very low ORR activity even compared to the glassy carbon electrode (GCE). The un-

doped graphene, rGO-800, had a very bad onset potential which was shifted negatively 

by almost 0.2 V compared to Pt/C. N-S-rGO-800 had almost 25 mV negative shift in 

onset potential compared to Pt/C and attained a limiting current density of -3.98 mA 

cm-2. The limiting current densities for all studied catalysts are as follows: -5.5 mA cm-
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2 (N-P-rGO-800), -4.6 mA cm-2 (Pt/C), -3.6 mA cm-2 (N-rGO-800mel), -3.4 mA cm-2  

(N-rGO-800urea), -2.6 mA cm-2 (rGO-800), and -1.1 mA cm-2 (GO). The onset potentials 

values for the electrocatalysts are as follows: -0.02 V (N-P-rGO-800), -0.05 V (Pt/C),  

-0.11 V (N-rGO-800mel), -0.126 V (N-rGO-800urea), -0.22 V (rGO-800), and -0.3 V 

(GO). The onset potential for N-S-rGO-800 was equal to -0.102 V. It can be noticed 

that the current density is proportional to the BET surface area for the doped rGO 

samples in agreement to electroactive area of species to enhance the oxygen adsorption 

at the electrode-electrolyte interface.  

 

 

 

 

 

 

 

 

 

 

To further investigate the ORR kinetics of N-P-rGO-800, the LSV curves were 

conducted at different rotating speeds: 400 rpm, 800 rpm, 1200 rpm, 1600 rpm, and 

2000 rpm as shown in Figure 5.22. This was done to study the diffusion current density 

effect correlation with convection in O2 saturated 0.1 M KOH. The Koutecky-Levich 
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Figure 5-21 Linear sweep voltammetry (LSV) curves at 1600 rpm for un-doped and 

doped reduced graphene oxides. Scan rate = 10 mV s-1, O2 saturated 0.1 M KOH. 
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(K-L) plots at different electrode potentials were used to calculate the electron transfer 

number (n) as in Figure 5.23. The diffusion current density rapidly increases with 

increasing rotation rate as predicted by theoretical equations. 
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Figure 5-22 LSV curves at different rotation rates for N-P-rGO-800.  

Scan rate = 10 mV s-1, O2 satd. 0.1 M KOH electrolyte. 

Figure 5-23 Koutecky-Levich (K-L) plots for N-P-rGO-800 at -0.5 V, -0.6 V, and  

-0.7 V vs. Ag/AgCl. 
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The electron transfer number for N-P-rGO-800 was found to be equal to 4.1, 4.08, and 

4.02 at -0.5 V, -0.6 V, and -0.7 V. Using these values, the kinetics for ORR were further 

investigated using Tafel slope analysis as shown in Figure 5.24. The Tafel slopes for  

N-P-rGO-800 and Pt/C were equal to 87.4 mV/dec and 98.2 mV/dec, respectively. 

These values are expected to show the effect on the overpotential and current density. 

Typically, higher Tafel slope indicates a faster rate of increase in overpotential with 

respect to the current density. When the potential range is high, typically Pt possesses 

two regions where it is 60 mV/dec or less (high potential region, low current density) 

and 120 mV/dec (low potential region, high current density).204 

Previous research has shown that the existence of synergistic effect of co-doping atoms 

in carbon structure has been a factor influencing ORR electrocatalytic activity. 

Nitrogen, sulphur, and phosphorus are able to bring strain and defect sites in carbon 
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Figure 5-24 Tafel plots of N-P-rGO-800 and Pt/C. 














































































































































