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RESUMO 

 

CATALISADORES DE CARBONO DOPADO COM HETEROÁTOMOS 

DERIVADOS  DE POLÍMEROS CONDUTORES PARA REAÇÃO DE 

REDUÇÃO DE OXIGÊNIO 

 

A célula de combustível é um sistema de conversão de energia 

eletroquímica que promete produção de energia limpa e sustentável. Durante a 

operação, este dispositivo gera eletricidade diretamente a partir de reações 

eletroquímicas entre eletrodos e eletrólitos. A reação de redução de oxigênio 

(ORR) que ocorre no cátodo, é uma reação cineticamente lenta e  necessita de 

catalisador  para que aumente a cinética da reação catalítica de redução de 

oxigênio. Até agora, catalisadores baseados em platina (Pt) foram considerados 

os melhores para a reação de redução de oxigênio, mas o catalisador de platina 

sofre com três  problemas: alto custo, baixa estabilidade e reservas limitadas; 

por isso, o uso para fins comerciais é limitado. Nesta busca, por  baixar o preço 

e igualar o desempenho de um catalisador alternativo ao catalisador nobre, as 

pesquisas em nanomateriais de carbono emergiram como uma alternativa para 

a eletrocatálise de redução de oxigênio devido à sua excelente condutividade 

elétrica, grande área superficial, boa estabilidade e baixo custo. Esta dissertação 

compila nossa pesquisa em catalisadores de carbono dopados e co-dopados 

para reação de redução de oxigênio em meio alcalino. Polímeros condutores 

foram escolhidos devido ao baixo custo; presença de heteroátomo na unidade 

monômera. Para a preparação de materiais de carbono, os polímeros 

condutores polianilina, poli-(3,4-etilenodioxitiofeno) e politiofeno, foram 

sequencialmente polimerizados recobrindo nanosferas de dióxido de silício e 

(SiO2) e nitreto de silício (Si3N4); seguidos de carbonização, resultando em  

materiais de carbono mesoporosos com alta área de superfície e 

intrinsecamente dopados com atividade catalítica de reação de redução de 

oxigênio em meio alcalino.  

Palavras-chave: Polímeros condutores; PANI; PTH; PEDOT; SiO2; Si3N4; 

Carbonização; Reação de redução de oxigênio. 
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ABSTRACT 

 

Fuel cell is an electrochemical energy conversion system, that holds the 

promise for clean and sustainable energy source. During the operation, this 

device generates electricity direct from electrochemical reactions between 

electrodes and electrolyte. The limiting half-cell oxygen reduction reaction (ORR) 

that takes place at cathode is kinetically sluggish and needs catalysts to 

overcome the thermodynamic limitations by increasing the rate of catalytic ORR. 

So far, platinum Pt-based catalysts have been proven the best electrocatalyst, 

however, they suffer with high cost, poor stability, and limited reserves in the 

Earth’s crust, restricting their use for commercial purpose. In this context, the 

search for metal-free carbon nanomaterials have emerged as an alternative to 

the counterpart Pt-based catalysts, especially owing to excellent electrical 

conductivity, large surface area, good stability, and low cost. This dissertation 

compiles the research work on heteroatom doped (single and co-doped) carbon 

catalysts for ORR electrocatalysis in alkaline medium. For the preparation of 

doped carbon nanomaterials, the conductive polymers, for example polyaniline 

(PANI), poly (3,4-ethylenedioxythiophene) (PEDOT), and polythiophene (PTH) 

were chosen as the precursors and sequentially polymerized by oxidative 

polymerization method onto silicon dioxide (SiO2) and silicon nitride (Si3N4) 

nanospheres followed by carbonization process. The selection of conductive 

polymers to obtain doped carbon nanomaterials was based on the following 

reasons: low-cost monomers; presence of heteroatom in the monomer unit, and 

intrinsic conductivity. By selecting an appropriate synthetic route for the 

preparation of conductive polymers coated on the templates (SiO2 and Si3N4), we 

produced high surface area, abundant mesoporous, and intrinsically doped 

carbon nanomaterials with ORR activity in alkaline medium.  

 

Keywords: Conductive polymers; PANI; PTH; PEDOT; SiO2; Si3N4; 

Carbonization; ORR 
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1 INTRODUCTION 

 Over the past decades, enormous efforts have been devoted on 

developing renewable clean energy conversion and storage systems, such as 

fuel cells and metal-air batteries. [1]-[6] One of key processes of these clean 

energy systems is the oxygen reduction reaction that is a cathodic half-reaction 

of fuel cells and metal air batteries. [4] ORR is a sluggish kinetic reaction which 

proceeds by oxygen containing intermediates adsorbed on the active sites of 

electrocatalyst. [5] Therefore, the ORR performance of an electrocatalyst greatly 

depends on the interaction strength between active sites and oxygen 

intermediates. In general, the leading ORR cathodic materials are based on 

platinum (Pt), since Pt-based catalysts exhibit most positive onset potential and 

half wave potential for catalyzing ORR. Unfortunately, due to unaffordable cost 

and low abundance in nature, Pt-based catalyst renders their widespread 

commercial utilization impractical. [5], [6] Therefore, the development of 

substitutes for the Pt-based catalysts is imperative to realization of oxygen related 

energy conversion and storage systems at large scale. [8]-[10]    

Among the many families of materials that have been scrutinized as 

catalysts for ORR, doped carbonaceous materials have appeared as promissory 

low cost and abundant materials. [11]-[12]    

 Recently, carbon based catalysts, with properly designed structures and 

appropriate doping / co-doping  have been recognized as one of the highly 

competitive candidates to Pt-based catalysts, owing to their remarkable ORR 

activity. [11]-[12] 

Optimizing the morphological structure and synergistic effect of co-doping 

in carbon network are cardinal strategies to achieve ORR activity near to 

benchmark Pt/C. For example, Qiu et al. synthesized carbon nanocages with 

diameter of 50 nm and shell thickness of 4 nm, using the precursors of 

polyethylene oxide-polypropylene oxide-polyethylene oxide (PEO-PPO-PEO) 

three-block copolymer (F127) and Zn (OH)2 for ORR catalysis in alkaline solution. 

Taking the advantage of high surface area (1011 m2 g-1), optimized pyrolysis 

condition, and unique morphological structure, the as-prepared carbon 

nanocages showed excellent onset potential and half wave potential of 0.89 and 
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0.71 V, respectively. [13] Similarly, Zhang et al. prepared nitrogen doped carbon 

nanoflower using the precursors of pyrrole, aniline, and phenanthroline. The 

optimal catalyst derived from phenanthroline at 900oC (N-CNF-PHEN-900) 

containing largest specific surface area (1039 m2 g-1), demonstrated superior 

ORR activity by surpassing the benchmark Pt/C catalyst with 30 mV half wave 

potential in alkaline solution. [14]  

Building hierarchical porous doped carbon has shown benefit in electron 

transfer and mass diffusion as well as increasing the surface/volume ratio and 

density of active sites for enhancing the catalytic performance of the catalyst. In 

this context, strategically preparing hierarchical porous doped carbon from 

polymer precursors by combining polymer precursors with different heteroatoms 

allows in situ doping and co-doping, and enables tailoring optimized nano-

architectures.  Such features promise to render high ORR activity. [11]- [14] 

Based on these premises, our research focused on developing doped and 

co-doped carbon materials with activity towards ORR, derived from low-cost 

conductive polymers. This thesis provides a brief review of the literature, compiles 

the synthesis methods, physical and electrochemical characterizations of the 

produced catalyst materials. 

 



3 
 

 
 

 

2 LITERATURE REVIEW 

2.1 Oxygen reduction reaction process 

The ORR is a complex process which involves different intermediates that 

go through different pathways of adsorption/desorption in alkaline or acidic 

medium. There are two possible pathways, by which ORR processes, either via 

four electrons or two electrons pathways. The four-electron pathway is preferred 

in electrocatalytic ORR for fuel cell applications due to faster reduction rate. The 

two-electron pathway involves production of peroxide species and its re-

adsorption. The two-electron path is not always unfavorable, since the H2O2 is a 

key oxidizing agent in green chemistry and environmental applications and can 

be directly produced by electrochemical reduction of O2. Generally, the 

electrocatalytic test for ORR is operated under O2 saturated acid/base 

electrolytes using a rotating disk electrode (RDE). The catalytic performance is 

evaluated by onset potential and half-wave potential (E1/2) using the techniques 

of  CV and LSV. 

The four-electron pathway combines oxygen with electrons and protons 

directly, where hydrogen comes from oxidation on the anode to produce water as 

the end product. The two-electron pathway consists of formation of peroxide ions 

as intermediates and a second step in which the peroxide ions must be re-

adsorbed and reduced at the electrode. [7],[8] Thermodynamic potentials at 

standard conditions of oxygen reduction reaction in alkaline medium versus 

reversible hydrogen electrode (RHE) at 25℃ give an idea of the energy involved 

in each step of the specific pathway. [9],[10] 

 

In basic medium;  

Four-electron pathway: 

O2 + 2H2O + 4 e- 
→ 4OH-                   Eo = 0.401   V         (2.1) 

 

Two-electron pathway, with production of intermediate species:  

O2 + 2H2O + 2 e- 
→ HO2

- + OH-    Eo = 0.080 V            (2.2) 

HO2
- + H2O + 2 e- 

→ 3OH-                Eo = 0.0880 V         (2.3) 
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In acid medium;  

Four-electron pathway:  

O2 + 4H+ + 4e → 2H2O,   Eo = 1.229 V                   (2.4) 

Two-electron pathway, with yielding H2O2: 

O2 + 2H+ + 2e → H2O2,  Eo = 0.695 V                     (2.5) 

 

Due to the strong energy (498 kJ mol-1) between O-O molecule, it is very 

difficult to break this bond. The efficient catalyst lowers the energy barrier for bond 

activation and cleavage in order to facilitate ORR electrocatalysis.[9] The kinetics 

of cathodic ORR is six order of magnitude lower than hydrogen oxidation at the 

anode, thus, ORR suffers with high overpotential. The overpotential might also 

result from electrolyte resistivity, mass transport limitations, low affinity of catalyst 

sites and other hindering effects, and energetic and kinetic barriers. [9] 

The oxygen reduction reaction in aqueous electrolyte is a dynamic 

process, in which firstly the oxygen molecules must be adsorbed at the surface 

of the catalyst at the cathode. The site where the oxygen molecule is adsorbed 

is called an active site and can result from the presence of heteroatoms or 

defects. After adsorption at the active site and protonation (protons from anode) 

of oxygen molecule, its bond is broken, and various intermediate species are 

involved during the process.  

To describe the mechanistic process, consider an active site given by an 

asterisk (*) on the surface of electrocatalyst, the intermediate adsorbed species 

are OH*, HOO*, O*, and (l) and (g) refer to liquid and gas phases. The electrons 

come from the other half-cell anodic reaction and must transfer to the oxygen 

molecule that was adsorbed at the catalyst site. The process can be associative 

(eq. 2.6) or dissociative (eq. 2.11). [10] 

  Electrons that come from the anode are responsible for breaking the O-O 

bond and release of OH- ions. When the process occurs directly, four electrons 

will break the O-O bond, releasing 4 OH- ions (eq. 2.13, 2.14, 2.15). 

 When the reaction happens via the two-electrons path, firstly, the two 

electrons turn oxygen molecule into peroxide ions (HO2
- ), then the adsorbed HO2

- 

species convert into water by taking the next two electrons (eq. 2.7 to 2.10). [10] 
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Mechanism via association involving peroxide ions꞉  

O2(g) + * → O2
*                                                    (2.6) 

O2
* + H2O(l) + e- → HOO* + OH-        (2.7) 

HOO* + e- 
→ O* + OH-                                    (2.8) 

O* + H2O (l) + e- 
→ HO* + OH-           (2.9) 

HO* + OH-  → * + OH-                       (2.10) 

 

Mechanism via direct dissociation of oxygen꞉  

 

O2(g) + * +*  →    O* + O*                             (2.11) 

O* + H++ e- 
→ HO*                     (2.12) 

HO* + H++ e-  → * + H2O (l) + *          (2.13) 

O* + H2O (l) + e- 
→ HO* + OH-          (2.14) 

HO* + OH-  → * + OH-                (2.15) 

 

The rate-determining step is the elementary reaction presenting minimum 

free energy, and commonly identified either as the adsorption of O2 as HOO* 

(eq.2.7 for associative, or eq. 2.12 and 2.14 for dissociative) or desorption of OH* 

as water (eq.2.10 for associative, and eq. 2.3). 

 

2.1.1 Koutecky-Levich equations 

In order to measure the electrochemical properties of the catalysts during 

ORR, standard tests are performed in three electrodes cell setup with the use of 

a ring-disk electrode.[10] The electrochemical measurements of current at the 

disk can be related to Koutecky-Levich equations (eq. 2.16 and 2.17):  

 

J-1 = JK
-1 + JL

-1 = JK
-1 + (B ω1/2)-1          (2.16) 

B= 0.2 n FDO 2/3v-1/6 CO                (2.17) 
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where ω corresponds to rotation speed in rpm, 0.2 is a coefficient related to the 

angular rotation speed in rpm, J is current density, B is the reciprocal to slope.  

For the 0.1 MKOH electrolyte, CO is the bulk concentration of oxygen (1.2 

10-6 mol cm3), DO is the oxygen diffusion coefficient (1.9 x 10-5 cm 2 s -1), and v is 

the kinematic viscosity of electrolyte (0.01 cm 2 s -1). With the use of these 

equations, it is possible to construct the Koutecky-Levich plot, and calculate the 

electron transfer number. 

When the current is measured by electrode containing ring and disk, it is 

possible to calculate the electron transfer number and peroxide production (% 

H2O2) (eq. 2.18 and 2.19) ꞉ 

 

n = 4 * ID * (ID + IR/N)-1                         (2. 18) 

% H2O2 = 200 * IR/N * (ID + IR/N)-1       (2. 19) 

 

where ID and IR are experimental data and stand for the currents collected in the 

disk and ring, N is the current collection efficiency of the ring (values vary 

according to the material), and 4 and 200 are coefficients for adjustment of 

equations.  

  

 2.2 Metal-free carbon based electrocatalysts for ORR 

Dai and coworkers introduced vertically aligned nitrogen containing carbon 

nanotubes (VA-NCNTs) as the first metal-free doped carbon catalysts for ORR in 

2009. The ‘metal-free’ VA-NCNTs were able to catalyze ORR even better than 

benchmark Pt/C catalyst due to active catalytic sites resulting from the changes 

in the sp2 arrangement of pristine carbon nanotubes by the introduction of 

nitrogen atom dopants, which produced a substantial positive net charge. [6] 

Since then, various research strategies have been developed to prepare 

heteroatom doped carbon electrocatalysts. [11]  

It is known that the doping in the carbon network with heteroatoms, 

possessing various electronegativities, different atomic sizes, and binding states, 

alters the electronic properties by changing the charge distribution and spin 
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density on adjacent carbon atoms. Additionally, heteroatom doping in carbon 

lattice tunes the feature of hydrophobicity/hydrophilicity of carbon and can also 

contribute in formation of porosity and channels. [11],[12] 

Therefore, the efficient intrinsic ORR performance of doped carbon results 

from the combination of electronic and morphological features acquired during 

the synthetic process. It is also known that the heavily doped carbon materials do 

not reach the best performance unless the high surface area of catalyst material 

is achieved. Because the ORR occurs on the surface of the catalyst, the more 

exposed active sites, the better ORR activity. Producing carbon materials with 

large surface area and optimal porosity facilitate the mass transfer and high 

contact of electrolyte and active sites. [11] 

  Among the various heteroatoms doped carbon, nitrogen doped carbons 

have been widely studied, due to its high catalytic activity. Nitrogen shows nearly 

the same atomic radius as a carbon atom and is more electronegative (N: 3.04) 

than carbon (C: 2.55), creating a nonhomogeneous charge distribution and 

enlarging spin density. These modifications of electronic properties of carbon 

lattice promote the interaction between the oxygen intermediates during reaction 

and result in high oxygen reduction reaction activity. [12]-[15] 

Nitrogen atoms can form different coordination with the carbon lattice. 

There are three types of coordination that result in active sites, namely pyridinic-

nitrogen, pyrrolic-nitrogen, and quaternary-nitrogen. Kondo and coworkers 

defined the mechanisms for ORR in nitrogen doped carbon. The nitrogen atoms 

having high electronegativity causes a covalent electron transfer from the 

neighbor carbon atom, leaving it with net positive charge density, and creating 

active sites for ORR. The adsorbed oxygen molecule is protonated following 

either via four-electron path or two-electron path. The four-electron pathway 

directly converts oxygen molecule to water molecule. In this case two protons 

attach to the oxygen atoms and break the bond O-OH producing OH species. 

The additional proton reacts with the OH to form water, without sub-products. In 

a two-electron pathway, H2O2 is evolved as an intermediate species. The 

adsorbed OOH reacts with one proton and forms H2O2, which is re-adsorbed and 

reduced with two protons to form water. [16] 



8 
 

 
 

 

Pyridinic-nitrogen weakens the oxygen bond of the oxygen molecule by 

bonding oxygen with the carbon neighboring with nitrogen. [16],[17] Pyridinic-

nitrogen influences the onset potential, whereas the quaternary-nitrogen (or 

graphitic-nitrogen), influences the limiting current density. [16] Quaternary-

nitrogen offers one electron to each carbon and donates one electron to the sp2 

carbon. Overall, these three types of nitrogen species promote ORR: pyridine, 

pyrrole, and quaternary. [18] 

 Liu and coworkers identified pyridinic-nitrogen and pyrrolic-nitrogen 

catalytic sites as more favorable for a four-electron path, whilst the quaternary-

nitrogen tends to produce a two-electron pathway. Some researchers identify the 

ORR most active sites as follows: pyridinic-nitrogen (higher activity- four electron 

path) > pyrrolic-nitrogen > quaternary-nitrogen (two-electron path). [18] However, 

it is still debatable which is the most active site in nitrogen doped carbon, and 

furthermore ORR itself might induce transformation from pyridinic-nitrogen and 

quaternary-nitrogen to pyrrolic-nitrogen species.  [18], [19] 

The main reason for considering pyridinic-nitrogen, the most active site is 

because of its reduction of oxygen molecule via a four-electron path, whereas, 

quaternary-nitrogen tends to indirect two-electron path. [20] But, most 

mechanistic studies use a “reductionist methodology”, that correlates activity with 

the amount of a specific kind of nitrogen. One can also take into consideration 

that pyridinic-nitrogen and quaternary-nitrogen can impact each other’s activity 

due to the synergistic effect generated from their different electronic 

arrangement. [20]  

Identification of which exact nitrogen species is an actual active site is not 

an easy task, since ORR activity depends on multiple structural parameters, 

defects, and degree of graphitization. Li and research group tried to establish a 

method for controlling the nitrogen species doped into the carbon, however, they 

found variations batch-to-batch. [20] They also identified that the most active site 

among the nitrogen species in carbon materials tested in alkaline electrolyte was 

actually the quaternary-nitrogen instead of pyridinic-nitrogen. It is general 

consensus that the less active site is oxidized -nitrogen specie. [20], [21] 
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Another important study published by Yao and Dai in 2019, showed that 

the defects also impart catalytic activity to carbon materials. Such findings, raised 

the question, if the highest catalytic activity identified in diverse nitrogen-doped 

carbons, were actually imparted from the presence and synergy of the dopants 

and defects. [22], [23]  

The study directly compared the catalytic activity arising from pentagon 

defects with the catalytic activity of pyridinic-nitrogen sites. The presence of 

defects produced different results; when they were in bulk, they decreased the 

conductivity resulting in lower performance, however, when located at the edges 

or at exposed surfaces, defects were highly active sites, and even better catalytic 

sites than pyridinic-nitrogen sites. [22] 

Beyond nitrogen moieties, other heteroatoms were doped into the carbon 

lattice for preparation of electrocatalysts towards ORR. Among the most common 

elements used are boron, sulfur and phosphorus. [24] A volcano-plot was 

proposed by Xia and coworkers to relate the intrinsic properties of different 

heteroatom-dopants with an activity descriptor for the ORR performance of doped 

carbon materials. [25] 

Considering that the overpotential is the potential at which the energy 

barrier of the reactions is conquered, the lower the overpotential, the lower is the 

energy required to overcome such barrier and proceed the reaction. Therefore, 

thermodynamically, the lower the overpotential, the better the performance. 

Calculating the free energy and overpotentials of ORR reactions of a list of 

elements (N, B, P, S, Si, Se, F, Cl) can be useful to identify the rate-limiting step 

by selecting the maximum overpotentials in elementary reaction steps. The ORR 

activity descriptor Φ for the p-block element-doped graphene structure was based 

on the relation between catalytic activity and intrinsic properties of dopants. The 

intrinsic properties of dopants were described using EX and AX. EX is the ability of 

acquiring electrons when covalent bonds are formed (electronegativity), and AX 

is the energy given off when a neutral atom gains an extra electron to form 

negatively charged ions (electron affinity). The descriptor Φ = EX / EC x AX / AC is 

a dimensionless factor consisting of the product between the relative 

electronegativity and electron affinity. By plotting this descriptor in relation with 
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the best performance, it is possible to visualize a volcano plot. The elements 

located in the positions Φ = 1-3, represent the best dopant elements to produce 

best performance. The lower limit of ORR overpotentials for heteroatom doped 

graphene structures versus the descriptor is shown in the Figure 2.1. [25] 

 

 

 Figure 2.1 - The lower limit of ORR overpotentials for heteroatom-doped 

graphene structures. Reproduced with permission, copyrights to Wiley and 

Sons [25] 

 

Nitrogen, at the top of the volcano is considered the best dopant of 

graphene, followed by boron, sulfur, and phosphorus. Such dopants are among 

the most common elements exploited as dopants in single doped and co-doped 

carbon materials for enhanced ORR. [25] 

 In the case of sulfur-doped carbon materials, the nature of active sites is 

different from that of the sites present in nitrogen-doped carbon. Because the 

atomic radius of the sulfur atom is much larger than that of a carbon atom, when 

sulfur is introduced into carbon materials, it causes distortions in the carbon 

lattice. According to the synthetic approach, sulfur atoms can exist as adsorbed 

to the catalyst surface, substituted at the edges, forming S/S-oxides and sulfur 

clusters connecting to layers of nanocarbons (such as in graphene case). [26] 

There is no significant change in charge distribution for sulfur-doped carbon, 
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because the electronegativity of sulfur is similar to the carbon atom (2.5), 

therefore, mostly sulfur dopants are located at the edges or defective regions due 

to its large size. [27] 

The main cause of catalytic activity in sulfur doped carbon materials is 

attributed to enhancement in spin density of carbon atoms neighboring the sulfur 

atoms and favored interactions with oxygen due to large size of sulfur atoms. [27]  

The introduction of sulfur atoms into the carbon matrix introduces strain 

and defects in the carbon lattice, which promote charge localization and enhance 

the adsorption of oxygen molecules. The ORR process in sulfur-doped carbon 

starts with the oxygen molecule being adsorbed on the catalytic sites, which are 

the carbon atoms adjacent to the sulfur atom or the sulfur atom itself. This is 

followed by protonation, and breaking of the O-O bond. Following, ORR either 

proceeds by a four-electron path or two-electron path as previously explained. 

[27]-[29] 

  Boron is another heteroatom that is generally used in co-doped catalysts 

towards ORR. The introduction of boron in nitrogen doped material has been 

reported to produce enhanced catalytic activity, by changing electronic 

arrangement in nitrogen doped carbon matrix. Also, its presence into the carbon 

lattice enhances graphitization, which means increasing the conductivity. [30] 

Owing to the smaller value of electronegativity of boron with respect to carbon, 

the presence of boron atoms in the carbon lattice creates positive charged sites, 

which attract the oxygen molecule. The adsorption of oxygen molecules occurs 

at the boron atom itself due to its positive charge in relation to the adjacent carbon 

atoms. [31] The π*-electrons accumulated in the 2pz vacant orbital of boron 

dopant in the conjugated system can easily be transferred to the adsorbed 

oxygen molecule. This transferred charge elongates the O-O from 1.21 Ȧ to 1.32 

Ȧ, and weakens the oxygen bond within the oxygen molecule, therefore, 

promoting ORR. [31] 

Boron atoms have lower electronegativity than carbon atoms and when 

introduced among carbon neighbors, the boron moieties become positively 

polarized, which attracts the negatively charged oxygen molecules.[32],[33] As 
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the oxygen molecules approach the catalytic sites, the adsorption distance is 

decreased, resulting in the chemisorption of oxygen molecule. [34]  

Boron doped graphene presented four different atomic arrangements, 

which have higher oxygen adsorption than non-doped graphene. Theoretical 

calculations demonstrated that substitution of carbon atoms with boron atoms in 

graphene lattice, greatly affects its interactions with oxygen molecules. [35] 

During ORR, when two oxygen molecules directly bond with boron, they 

cause two boron-carbon bonds to break, resulting in a highly oxidized boron.  

When one oxygen molecule bonds with boron, the configuration is more stable. 

In both cases, the resulting dissociation of oxygen and bonding with boron atoms 

are exothermic processes. On the other side, such exothermic processes from 

oxygen dissociation during its bonding with boron -doped graphene are not 

observed in pristine graphene. [35] Through computational studies, Ferrighi and 

coworkers showed that there are two possible pathways for oxygen reduction 

reaction in boron doped graphene, the associative pathway (two-electron 

pathway) and dissociative pathway (four-electron pathway). The associative 

pathway is energetically more favorable than the dissociative, which explains why 

hydrogen peroxides species are formed before completing ORR. [36] They also 

showed that while breaking the oxygen-oxygen bond is an exothermic process, 

binding of oxygen molecule at surface of boron doped graphene is endothermic, 

and there are many intermediate uphill steps that play energetic role hindering 

the straight conversion of oxygen molecules into water. When boron and nitrogen 

are co-doped into the carbon, they produce electron rich (N) and an electron 

deficient (B) sites in relation to the ocean of carbons that constitutes the lattice. 

[36] 

Depending on the configuration, boron and nitrogen will enhance or not 

the catalytic activity towards ORR. When they bond with each other they will not 

produce catalytic performance towards ORR, due to the compensation effect of 

a n-type and p-type dopant. Therefore, to produce higher catalytic activity towards 

ORR, boron and nitrogen moieties must be bonded with the carbon atoms 

neighbors in the co-doped material. [36]  
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 In conjunction with heteroatom doping, it is also crucial to design the 

structure of nanocarbons. Highly porous structure of nanocarbon provides 

efficient mass transport/diffusion of electrons and ions providing better electrolyte 

permeability, resulting in better ORR performance. [37]  

The relationship between microstructure and electrocatalytic properties 

takes an important part in determining the final ORR. Macropores can work as 

buffering reservoirs where the electrolyte can access to the interior surfaces 

within shorter distances, mesopores can provide a large accessible surface area 

for ion exchange and transport. Therefore, hierarchical doped carbons with 

porous structures are considered attractive for enhancing catalytic activity. 

[39],[40] 

Co-doping is a known strategy for enhancing catalytic activity.  Nitrogen 

and sulfur specially, have been considered a pair of dopants capable to boosting 

the ORR activity in carbon materials. [38],[39] Co-doping of carbon with sulfur 

and nitrogen, requires special attention, because in one side, the content of sulfur 

may increase the content of pyridinic-nitrogen during carbonization, but on the 

other side, sulfur contributes for the decomposition of carbon lattice during the 

pyrolysis and even lowering nitrogen contents. [41]  

When it comes to sulfur and nitrogen co-doping, certain configurations 

such as S=C-N and C-S-C enhance the ORR performance, while the oxidized 

sulfur (-C-SOX-C-) was assigned as an ineffective site.  Sulfur and nitrogen co-

doping increases the selectivity towards ORR by lowering the energy barrier of 

both oxygen adsorption and adsorbate hydrogenation to form OOH, because it 

provides robust electronic interactions and tunes hydrophobicity of the carbon 

materials. [42] 

According to Sun and coworkers, the nitrogen-sulfur co-doped carbon in 

which the elements sulfur and nitrogen were near to each other led to more active 

sites and a synergistic effect due to greater electron density.[38] Complementary, 

the overpotentials for nitrogen-doped carbon, isolated nitrogen and isolated sulfur 

doped carbon and coupled nitrogen-sulfur-doped carbon were calculated and the 

respective values of overpotentials were measured to be 0.403 V, 0.270 V and -

0.004 V at the electrode potential 0 V. The lowest value of overpotential belonged 
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to coupled nitrogen-sulfur-co-doped carbon, which showed best catalytic activity 

for ORR, indicating that the co-doped regions have greater electron density, and 

more active sites than the one with only one kind of isolated heteroatom. [43] 

Due to the importance of doping and co-doping in carbon, various 

techniques have been used to preparation of these materials, including 

hydrothermal reaction, microwave assisted methods, solvothermal treatments, 

chemical vapor deposition, thermal annealing, microbial method, refluxing and 

etc. [44]-[47] 

    The synthesis process is crucial in determining the ORR catalytic activity 

of the material; therefore, it is desirable to invest efforts in the co-doping strategy 

(for tuning electronic features) and in the preparation of carbon materials with 

high specific surface area and appropriate porosity, thus maximizing the 

presence of active sites in the bulky and surface of catalyst material. [43]-[46] 

  

2.3  Conductive polymer precursors 

 As previously discussed, in-situ doped and co-doped carbon materials with 

homogeneously distributed active sites, high specific surface area and 

appropriate porosity, favor higher catalytic activity towards ORR. [44]-[46] And 

for the development of ideal doped/co-doped carbon catalysts, it is very 

advantageous to have a diverse group of precursors from inexpensive sources.  

Synthetic polymers are perfect candidates, being considered low-cost, 

abundant, containing heteroatoms moieties and being versatile for preparation of 

varied nanostructures. After polymerization, the polymeric structures containing 

unsaturated bonds can be converted into doped / co-doped carbon materials via 

thermal treatment. [44], [45]  

Pyrolysis of conjugated polymers possessing heteroatoms in their chain 

backbone creates different species of dopants, defective sites, edge states, 

porosity and surface area, which are beneficial for catalysis. The conductivity and 

active sites of the as-produced carbon materials are intrinsic properties resulting 

from the polymer precursor and synthetic protocol. [46] 
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The various kinds of structures and chemical compositions are not 

absolutely controllable, because of the complexity involved during 

polymerization, and posterior steps of pyrolysis and activation. During pyrolysis, 

some polymer may degrade and gasify easier than others, requiring more 

complex pre-treatments before the thermal treatment. Therefore, choosing 

precursors which can crosslink during carbonization is beneficial. This 

stabilization step prevents depolymerization and gasification and allows the 

crosslinked polymer to turn into the carbon structure as the thermal treatment 

progresses instead of being decomposed into smaller molecules. [47], [48] 

The preparation of heteroatom doped carbons from polymers requires 

precursors with abundant number of functional groups. The heteroatoms already 

present in the polymers are incorporated into the carbon structure; thus, the 

preparation does not require pos-treatment for doping. The content of 

heteroatoms may vary according to the polymerization process, temperature, 

time, atmosphere used during the pyrolysis and pos-treatments. The specific 

position of the heteroatom into the carbon lattice is not easy to tune and it is 

known that the temperature of thermal treatment is not the only factor controlling 

the state of heteroatoms. During the polymerization process, the use of rigid or 

inorganic templates affects the development of the polymeric structure and during 

carbonization, it may affect the final carbon structure. Templates can also be 

employed to maximize the surface area, pore structure, and also nanostructure. 

Also, removal of the template during post treatment, may change or distort the 

final structure. Using silicon nitrides and silicon oxides during the synthesis of 

polymers, allows to produce materials with unique morphological structures.  

Silica cores used during the polymerization reactions are beneficial because 

they work: as electrostatic attractive surfaces for the anchoring of the monomers 

and guide the growing chains of polymer during polymerization; to reduce the 

agglomeration and increasing the surface area/volume ratio; and to avoid the 

collapse of polymeric structure during the process of carbonization at high 

temperatures, aiding it to keep its shape. [49]  
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2.3.1 PANI as precursor for nitrogen doped carbon 

PANI is a versatile conductive polymer and used for diverse energy 

applications. Upon pyrolysis, PANI is converted into nitrogen-doped carbon. The 

types and percentage of nitrogen species within the carbon lattice are due to 

decomposition and re-arrangement of the PANI during carbonization.[50]  

According to literature, when PANI is carbonized at temperatures below 

700℃, it produces high content of pyrrolic-nitrogen, while at higher carbonization 

temperatures (> 700℃), it produces pyridinic-nitrogen. Graphitic-nitrogen arises 

from the conversion of pyrrolic-nitrogen and pyridinic-nitrogen into this form at 

higher temperatures ~ 900℃. [50], [51] 

Annealing treatment of PANI at temperatures higher than 800℃, results in 

shrinkage of polymeric chains, reorganization of carbon-carbon and carbon-

dopants bonds, and eruption of gases producing interior porosity. [51], [52] The 

as-produced carbon material demonstrates high conductivity, which plays crucial 

role in enhancement of ORR activity. After pyrolysis, PANI retains its bulk 

morphology producing different kinds of structures.  

Higher carbonization temperature favors higher conductivity but reduces 

the content of nitrogen dopant. Additionally, the defects sites and graphitization 

also play vital roles in improving the catalytic activity, which can be varied by 

changing the annealing temperature. [52]-[54] 

When PANI was carbonized at temperatures of 600℃ and 800℃, nitrogen 

species were predominantly pyrrole-nitrogen, pyridone-nitrogen and pyridinic-

nitrogen, while quaternary-nitrogen species were not identified, however low 

temperatures of carbonization fail in producing carbon with high graphitization 

and good conductivity. [53] The carbon catalysts produced with carbonization of 

PANI at 600℃ and 800℃, showed low catalytic activity towards ORR, reaching 

onset potential values of only 0.66 V vs RHE (600℃) and 0.74 V vs RHE (800℃). 

[53]  

Three types of nitrogen species were observed in carbon produced by 

carbonization of PANI at temperatures higher than 800℃, such as pyridinic-

nitrogen, pyrrolic-nitrogen, and graphitic-nitrogen, according to the previously 

reported works. [52],[54]  
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Pyridinic-nitrogen and graphitic-nitrogen species are beneficial for high 

ORR activity, and in order to produce such species, the carbonization of 

polyaniline at temperatures higher than 800℃, seems to be a reasonable choice. 

Besides that, temperatures of carbonization higher than 800℃ produce carbon 

materials with good conductivity, and may cause defects that also work as active 

sites for ORR. [51], [55]-[57]  

Figure 2.2 represents pyrolysis of PANI producing different nitrogen-

species: pyrrolic-nitrogen, pyridinic-nitrogen, quaternary-nitrogen and oxidized-

nitrogen. 

 

 

Figure 2.2 - PANI conversion into nitrogen doped carbon producing different 

nitrogen species: pyrrolic-nitrogen, pyridinic-nitrogen, quaternary-nitrogen and 

oxidized-nitrogen. [51], [55] 

 

 

2.3.2 Polythiophene and PEDOT as precursors for   sulfur doped carbon 

materials 

The “in situ” doping strategy for preparation of sulfur-doped carbons 

requires carbonization of polymers containing sulfur functional groups. Because, 

in the polymer precursor the heteroatoms are distributed homogeneously, upon 

pyrolysis, it is expected that sulfur species also will be homogeneously distributed 

in the doped carbon material. The active sites produced by the presence of 
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heteroatoms are located beyond the surface and can be found intrinsically 

anchored in the inner channels and pores of the doped carbon material. [58]  

  Pyrolysis of polythiophene produces sulfur-doped carbon with good 

conductivity, porosity, high surface area per unit volume, high density of active 

sites and mainly -S-C- bonds. Pyrolysis and activation processes determine the 

surface area and pore volumes.[58], [59] Sulfur-doped carbon materials with 

different properties have been prepared from polythiophenes using different 

carbonization temperatures.[58] 

According to literature, carbonization temperature of 900℃ is used to 

obtain highly graphitized sulfur doped carbon with high surface area, however not 

achieving high pore size distribution. [58] Carbonization temperatures of 600oC 

and below were found not suitable to convert polythiophene into sulfur doped 

carbon materials for ORR applications.  

High surface area and high graphitization are extremely important features 

in a carbon-based electrocatalyst, because they benefit high electron access and 

mass transfer, allowing more interface for contact between active sites and ions. 

In order to achieve these features, besides high carbonization temperatures, 

sometimes activation processes are necessary.  

During carbonization, the curing of polymer chains takes place, in which 

the linear polythiophene forms disulfide bridges, sulfone, and oxidized groups. At 

the same time that, there is loss of sulfur content with eruption of gases, it is 

through this process that the porous structure is formed. [58]-[61] Because of the 

size of sulfur atoms, the thiophenic configuration of sulfur atoms (-C-S-C-) is 

normally observed in the edges of the materials, and sulfur atoms presented into 

the core of carbon lattice produce strain and defects. The sulfur doped carbon 

resulting from the dynamic transformation during pyrolysis is different from the 

polymer precursor in terms of its electronic and physical properties. [62]-[64] 

Recently, sulfur doped carbon was prepared from flame synthesis of 

polythiophene. [65] They found excellent ORR activity with an onset potential of 

-0.16 V vs Ag/AgCl in 0.1M KOH and high tolerance for methanol poisoning 

effect. They attributed the performance of catalysts due to the n-type dopant 
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behavior of sulfur. The optimal presence of sulfur in carbon materials increases 

the conductivity of amorphous carbon. [60] 

High surface areas and abundant porosity can be obtained using special 

sacrificial templates during polymerization with posterior removal. Although it is 

rather preferable to have a straightforward synthetic process, this step seems a 

necessary evil to enhance activity. [66]-[68]  

Sevilla and coworkers reported polymerization of polythiophene using 

FeCl3 as an oxidizing agent, followed by carbonization and activation process at 

temperature between 650-800℃. As a result, highly porous sulfur doped 

carbonaceous materials were obtained. [60] Thiophene was also polymerized 

inside SBA 15 and KIT-6 template and carbonized between 600-800℃, producing 

highly porous carbon, and sulfur content between 0.9-6.1%, respectively. [68] 

Shin and coworkers prepared templated mesoporous sulfur doped carbons, from 

polymerization of thiophene-methanol also using oxidizer FeCl3, followed by 

pyrolysis. They carbonized polythiophene - methanol coated SBA15 templates in 

a range of temperatures 700-900℃, obtaining content of sulfur between 7-4% 

respectively. [67] Although the surface area increases with higher carbonization 

temperatures, the content of sulfur dopant decreases with increasing temperature 

of carbonization. [67] Single sulfur doped graphene was prepared by Yang and 

coworkers using graphene oxide and benzyl disulfide annealed at 600℃, 900℃ 

and 1050℃. The respective contents of sulfur were found 1.53%, 1.35%, and 

1.30%, with the oxygen reduction peak potential values of -0.32, -0.31, 0.29 V vs 

Ag/AgCl, and the electron transfer numbers of 2.51, 3.27, and 3.82, respectively. 

[69]  

In general, the sulfur content decreases with increasing temperature of 

carbonization. To solve this issue, a strategy for retaining the dopants during the 

harsh conditions of carbonization consists in confining the polymer precursor 

inside templates pre-carbonization.  Removing the templates, after carbonization, 

through activation process also causes loss in the content of dopants. [60], [69] 

Figure 2.3 shows the schematic representation of the conversion from 

polythiophene into sulfur-doped carbon. 
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Figure 2.3 - Polythiophene conversion into sulfur-doped carbon containing 

thiophenic-sulfur and oxidized-sulfur species. [62] 

 

Sulfur doped carbonaceous materials can also be produced via 

carbonization of PEDOT in the same way as produced by carbonization of 

polythiophene. According to literature, carbonization at 800℃ produces 

thiophene-like (-S-C-) and oxidized (C-S-Ox) species. [70] PEDOT was prepared 

via oxidative polymerization for applications as Lithium -ion battery anodes. [71], 

[72] And via carbonization at 700℃, PEDOT was transformed into sulfur doped 

carbon with enlarged carbon interlayers (due to the presence of large sulfur 

atoms≈ 0.39nm), which benefits its catalytic properties. [71] 

PEDOT films produced by electro-polymerization were carbonized in the 

range of temperatures of 600-1100℃. Sulfur content (in the resulting carbon) 

varied according to the carbonization temperatures, from 2% sulfur (1100℃), up 

to 26% sulfur (600℃), while raw PEDOT sulfur content was 18%. Once again, 

sulfur contents dropped with increase in carbonization temperatures, but on the 

other hand, the carbon content was found higher for carbonization at higher 

temperatures. [73] From the XPS analysis, the main sulfur species incorporated 

into carbon after carbonization of PEDOT at 800℃ and 900℃ were thiophenic -

like (-S-C) species, which are desirable when planning to obtain catalysts toward 

ORR. The conductivities also increased with higher temperatures of 

carbonization. [73] 
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2.3.3 Boric acid and sucrose as precursors for boron doped carbon 

The selection of low-cost, and environmentally friendly precursors with the 

ability to produce doped materials with good activity towards ORR has been a 

real challenge for preparation of boron doped carbon materials. Precursors are 

not only the immediate sources of carbon and dopant (in this case boron), but 

also the generator of final structure via the synthetic method. Among the most 

common precursors for preparation of boron doped carbons, are trimethyl boron 

[74], Borax (Na2B4O7) [75], orthoboric acid and boric acid. [76]  

Hydrothermal carbonization method using water, sucrose/glucose and 

boric acid followed by carbonization is reported in literature as feasible, efficient, 

and low-cost method for preparation of boron doped carbon materials. [77], [78]  

During hydrothermal carbonization process, sucrose molecules are 

hydrolyzed, due to autoionization of water, followed by auto condensation 

reaction of the molecules forming the spherical particles with size around 5 nm, 

and gradually growing in posterior stages until larger sizes, according to the 

treatment time. [77]-[79] By combining sucrose as carbon source and boric acid 

as dopant agent, via hydrothermal/ carbonization method, it is possible to 

produce boron-doped carbon materials. [80],[81] The type of bond between 

boron moieties into the boron-doped carbon can be visualized in Figure 2.4. 

  

                         

Figure 2.4 – Boric acid and sucrose for preparation of boron doped carbon. [77] 
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2.4 Physical and electrochemical characterizations 

Standard techniques were used to characterize the catalyst materials and 

are shortly-described as follows.  

 

2.4.1 Raman spectroscopy 

Raman spectroscopy is an important tool to identify the degree of disorder 

in the carbon materials. In this technique a scattering monochromatic light 

(visible, infra-red, and near ultraviolet) is used. The monochromatic light 

constituted by photons interacts with the molecules of the sample and is 

scattered. By plotting the intensity of shifted light against frequency, the Raman 

spectrum of the sample is obtained. The appearance of a band at 1580 cm-1 (G-

band) represents all kinds of sp2 carbon systems that originate from the stretch 

of C-C bond in graphitic materials. The band located at 1350 cm-1 (D-band) 

represents the hybridized vibrational mode associated with graphene-like edges 

and disorder or defects. It is the relative intensity ratio between D and G bands 

that shows how much the material is disordered. [82] 

 

2.4.2 Brunauer- Emmett-Teller method 

Brunauer-Emmet-Teller (BET) technique is used to acquire information 

about the surface area and porous volume of the carbon materials. The method 

is based on the fact that gas molecules can be adsorbed on the walls of the 

carbon material. The amount of adsorbate adsorbed on a surface is described by 

the adsorption isotherm, which is a function of amount adsorbed versus the partial 

pressure at constant temperature. [83] The solid must be cooled in order to 

perform the test and the measurement of the external surface area and surface 

area due to channels and pores. The formation of a monolayer through 

physisorption requires a specific quantity of gases, such as nitrogen, and based 

on that, the surface area can be calculated. 

Before the measurements, the samples must be degassed for removal of 

gases and vapors that may have been adsorbed onto the surface of the material.  
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The original weight of the sample before degassing and after degassing is 

recorded. The material is placed inside the test tube (Figure 2.5-a), placed in the 

thermal bath at 125℃ and degassed with inert(nitrogen) gas inside the thermal 

bath over 15 hours. The tubes are removed from the thermal bath and cooled at 

room temperature (Figure 2.5-b). For the actual test, nitrogen liquid is collected 

in a bucket (Figure 2.5-c), the tubes are connected into the machine connector 

(Figure 2.5-d), the bucket with liquid nitrogen will be used to cool the tubes 

containing the samples during the measurement operation (Figure 2.5-e). 

 

           

Figure 2.5-a) Sample is submitted to 24 hours nitrogen degassing at 124℃, b) 

Sample is cooled at room temperature, c) Nitrogen liquid collected in the bucket 

and placed under the of glass tubes containing the samples, d) Connection of 

tubes into nitrogen gas supply, and e) Set up ready for perform measurements. 

 

2.4.3 X-ray photoelectron spectroscopy 

X-Ray photoelectron spectroscopy is an essential technique for surface 

characterization for the investigation of chemical states and composition of 

components in the carbon materials. It provides the information of the bonding 

environment, distribution and percentage of heteroatom dopants incorporated 

into the carbon structure. 

When a sample is irradiated by X-ray with specific energy, electrons at 

certain bound states are excited. The electrons, that are ejected due to the 

photon’s incidence, scatter towards the surface, some inelastically, others with 

loss of energy. It is possible to associate the specific binding energy (the energy 
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that electrons have before they left the atom) to an element. The energy spectrum 

associates the number of electrons versus time (intensity) with each binding 

energy, therefore, it is possible to know which elements are present by identifying 

the binding energies and how much by the peak intensities. [84] 

 

2.4.4 X-ray diffraction 

   X-ray diffraction is a technique used for characterization of crystallinity of 

the materials. For carbon materials the typical peak is identified at 24°, 

representing (002) and at 43° representing the (100) lattice of graphitic carbon. 

Sharper peaks indicate higher graphitization than broad peaks.  

 

2.4.5 Cyclic voltammetry 

The CV test is performed for electrochemical characterizations of samples 

in a standard three-electrode cell, connected to computer controlled 

electrochemical workstation. CV allows a rapid access to qualitative performance 

of the material by visualization of its onset potential, half-wave potential and 

current density at peak potential (Figure 2.6). CV is performed in stationary 

regime without rotation, while LSV is performed with rotation of the disk-ring 

electrode. The CV correlates the flow of electric charge, that is the number of 

electrons passed through the electrode per unit time, as a function of applied 

potential. During the CV measurement, the applied electrode potential is linearly 

ramped up and down as a function of time and the current is recorded as a 

function of the applied potential. In case of redox couple in electrolyte solution, 

the CV shows oxidation and reduction peaks due to the oxidation of redox species 

at the electrode surface and concomitant charge transfer across the interface.  

The CV experiment can be carried out by using standard three electrodes 

cell set up. The working electrode is the electrode where the catalyst material is 

cast, second electrode is the reference electrode (should be stable and non-

polarizable), which requires to set the applied potential of working electrode and 

third electrode is the counter electrode (should be chemically inert and 

preferentially carbon based for tests of metal-free catalysts). [10], [85] 
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Figure 2.6 shows two CV curves. When the electrolyte is purged with 

nitrogen or argon, there is no ORR, and therefore there is no current density peak 

in the background curve (black curve). Upon purging the electrolyte with oxygen, 

the catalyst material will start the ORR, and as a result, a cathodic peak in the 

current density will appear (red curve). 

 

 

Figure 2.6- Cyclic voltammetry curves. 

 

2.4.6 Linear Sweep Voltammetry 

For the evaluation of CV and LSV tests, the catalyst material is typically 

dispersed in a solution containing Nafion binder and ethanol. The LSV 

characterization of the electrode is tested using standard three-electrode cell 

system in acid/base electrolyte purged with argon gas and oxygen. The LSV is 

performed with disk and ring-disk electrodes at various rotation speeds. When 

the electrolyte is purged with oxygen, a gradual increase of rotation speed of the 

electrode causes an increase of current density collected in the disk electrode.  

When a ring-disk electrode is used, it is possible to collect the value of 

current in the disk, and use the values of current collected in the disk and ring to 

calculate the peroxide production and evaluate the four- and two-electron 

pathways for ORR. The limiting current density collected in the electrode is a 

function of the electrode rotating rate and the reactant concentration. The limited 

current density regime is reached when the current density curve is a straight 

horizontal curve(plateau), which means that the ORR is controlled mainly by 
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mass transport/diffusion. The better the diffusion and interchange of species, the 

higher values the current density will be reached. [10], [86], [87]  

Figure 2.7-a, b, c show the three electrodes set up in the electrochemical 

station, ring-disk electrode, and disk-electrode, respectively. Figure 2.8 shows 

the schematic illustration of the rotating disc electrode and the solution pattern 

near to the disk electrode surface and the shape of the curves referent to currents 

collected at the ring and at the disk in ring-disk electrode. 

 

 

Figure 2.7- a) Photo of electrochemical station, gas inlet, calomel electrode 

(reference) and carbon electrodes (counter), b) Ring-disc electrode, and c) 

Disk-electrode after ink is casted. 

 

 

 

Figure 2.8-a) Schematic representation of flow onto the rotating ring-disk 

electrode surface, and b) Current collected at the disk(lower) and ring(upper). 
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3 MATERIALS AND METHODS 

3.1 Materials and methods: PANI and PEDOT derived carbons     

The synthesis of the carbon catalysts is presented in this chapter. 

Polythiophene, PEDOT and PANI are the polymer precursors that were 

polymerized and carbonized for the preparation of single sulfur-doped, single 

nitrogen-doped and nitrogen-sulfur co-doped carbon materials.  

Herein, we present the different batches of samples prepared from the 

polymer precursors. We also distinguish the samples prepared with silicon nitride 

or silicon dioxide nanospheres as core particles. We used silicon nitride (Si3N4, 

20 nm) and silicon dioxide (SiO2, 200 nm) as core particles during polymerization 

followed by carbonization.  

 

3.1.1 Synthesis of nitrogen doped carbon coated silicon nitride 

nanospheres (Si3N4, 20 nm) 

The typical synthetic method is described as follows, 0.2 g of Si3N4 

nanospheres were added to 40 ml of water and sonicated for 120 min (Figure 

3.1-a). In a separate beaker, an anilinium solution was prepared with 10 ml of 1M 

HCl and 200 µl aniline monomers. [88] After the anilinium solution was prepared, 

it was stirred for 1 h, then Si3N4 dispersion was added with intense stirring for 2 

h at 0℃ (Figure 3.1-b). Then, the Si3N4 - anilinium solution was injected 

vigorously into 50 ml of chloroform in another beaker, placed in a dry ice bath 

inside a frigorific room at -10℃. Afterwards, a 50 ml of oxidizer solution was 

prepared (monomer-oxidizer ratio of 1:1) and cooled at 0 ℃ for 1 hour and then 

slowly added into the Si3N4 -anilinium solution to 45 min. The total polymerization 

reaction was carried out during 14 h, resulting in the dark green colored PANI 

coated Si3N4 nanospheres (Figure 3.1-c). The schematic illustration of the 

synthesis is represented in Figure 3.2. After 5 cycles of centrifugation (Figure 

3.1-d,e), the samples were freeze dried, and then, carbonized at 900℃ and 

1000℃ by a gradual step process, holding 1 h at 400℃, and 2 h at 900℃ or 

1000℃ under argon atmosphere, as represented by sketch drawing in (Figure 

3.1-g) The names of as-prepared samples (NC-14-900-20 and NC-14-1000-20) 
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were expressed according to the polymerization time (14 h), carbonization 

temperature (900℃ or 1000oC) and size of the core (20 nm). 

          

Figure 3.1 - Synthesis steps of the PANI coated Si3N4 nanospheres via self-

stabilized polymerization: a,b) Si3N4 nanosphere were dispersed in water 

followed by addition of anilinium cation solution at 0℃, c) After mixing the two 

solutions and chloroform, the oxidant was added, d) Polymer solution formed 

separated phase from chloroform, e) The polymer was separated from the 

chloroform via centrifugation, f) Dark-green polymer after freeze-dried, g) 

Carbonization of polymer in furnace, h) Final product of doped carbon material. 

 

            

Figure 3.2 - Schematic representation of synthesis of the PANI coated Si3N4 

nanospheres resulting in coral like nitrogen doped carbon coated Si3N4. 
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Figure 3.3 - a) Carbonization process with two-stages for preparation of doped 

carbon materials from polymer precursors. 

 

3.1.2 Synthesis of sulfur and nitrogen co-doped carbon coated silicon 

nitride nanospheres (Si3N4, 20 nm) 

For the preparation of the sulfur nitrogen co-doped carbon catalyst (SNC), 

the nitrogen doped carbon coated - Si3N4 nanospheres (as prepared sample NC-

14-900-20) was used as core.  

Firstly, 0.1 g of nitrogen doped carbon (sample NC-14-900-20), and 3.5 ml 

of emulsifier 4-dodecylbenzene sulfonic acid were added to 200 ml of water and 

stirred for 2 h.  Next, the 400 µl of EDOT monomers were added with continuous 

stirring. After 24 h, the oxidizer ammonium persulfate was added to polymerize 

the monomers of EDOT at room temperature for 24h. The process is represented 

by digital photographs in Figure 3.4. After complete polymerization, the material 

was washed using distilled water, freeze dried and carbonized at 900℃ for 2 h 

(ramp rate 2℃/min) in argon atmosphere to obtain final dual doped carbon 

materials of SNC (black powder) (Figure 3.4 - d).  
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Figure 3.4 - Synthesis steps for preparation of sulfur-nitrogen co-doped carbon, 

a) Nitrogen-doped carbon is dispersed in solution with emulsifier, followed by 

addition of oxidizer, b) Polymerization of PEDOT onto nitrogen doped carbon 

coated Si4N3, c) Carbonization of material in furnace, and d) Nitrogen-sulfur 

doped carbon. 

 

3.1.3 Synthesis of sulfur doped carbon coated silicon dioxide spheres 

(SiO2, 200 nm) 

For the preparation of sulfur doped carbon coated SiO2 particles, we 

polymerized EDOT in an emulsion containing SiO2 particles with 200nm of 

diameter. Figure 3.5 shows the steps for the preparation of PEDOT coated SiO2 

particles. [71] 

 In brief, 4 ml of emulsifier DBSA and 400 µl of EDOT monomers were 

dispersed in 200 ml of water (Figure 3.5-a). After gradual and slow addition of 

oxidizer solution (containing 3.5 g of ammonium persulfate), the polymerization 

was carried out for 20 h. Figure 3.5-b, c show a dark blue paste-like material, 

which was collected via 5 cycles of centrifugation and washed with distilled water 

(Figure 3.5-e). After the freeze-drying step, the resulting powder (PEDOT coated 

SiO2 particles) presented a dark blue color. This material was thermally treated 

at 400℃ for 1 h (ramp rate of 2℃ /min), followed by a carbonization step of 2 h, 

at one of the selected temperatures 800℃, 900℃ or 1000℃ (ramp rate of 

2℃/min). The whole carbonization process was performed inside a quartz tube 

in argon atmosphere. The resulting material from the carbonization of PEDOT-

coated SiO2 was turned into a black powder material (Figure 3.5-f). The obtained 



31 
 

 
 

 

materials were named SC-800, SC-900, and SC-1000, corresponding to the 

carbonization temperatures of 800℃,900℃ and 1000℃.  

Sample SC-900 was further treated with hydrofluoric acid for removal of 

SiO2 core. Briefly 15 ml of deionized water, 5 ml of hydrofluoric acid (38-40% Alfa-

Aesar) and 1ml of nitric acid were mixed with 0.1 g of sample SC-900, and stirred 

for two days at 50℃, then washed thoroughly and dried in oven overnight. 

Resulting sample was named SC-HF. 

        

Figure 3.5 - Synthesis steps for the preparation of the sulfur-doped carbon, a) 

Silica nanospheres dispersed into the emulsion of DBSA, b) Change in the color 

of the emulsion as the polymerization progresses, c), & d) Polymerization 

completed showing the dark blue PEDOT, e) Centrifugation and collection of 

polymers coated silica, f) After carbonization PEDOT coated silica is converted 

into sulfur-doped carbon coated silica. 

 

3.1.4 Synthesis of nitrogen and sulfur co-doped carbon coated silicon 

dioxide nanospheres (SiO2, 200 nm) 

Sample SC-900 was used for preparation of nitrogen and sulfur co-doped 

carbon materials. Firstly, SC-900 was treated in an acidic solution (0.1M HNO3) 

for 2 h at 50℃ and washed thoroughly with distilled water and ethanol and dried 
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in the oven overnight. After this pre-treatment, SC-900 powder was used as core 

for polymerization of aniline. In brief, 0.1 g of SC-900 was dispersed in 50 ml of 

water, sonicated 15 min, and left stirring in a beaker (Figure 3.6-a). In another 

beaker, 200 µl aniline monomers were added to10 ml of 1M HCl at 0oC and kept 

stirring for 1 h in a frigorific room (-10 oC). Thereafter, the anilinium solution was 

added into the beaker containing the SC-900 and placed in bath at 0℃ for 2 h 

with vigorous stirring (Figure 3.6-b). Later, chloroform (80 ml) was added into the 

beaker and kept at 0oC. 

Then the oxidizer (3.4 g of ammonium persulfate in 10 ml of 1 M HCl) was 

added dropwise and left for polymerization for 24 h. After the complete 

polymerization, a dark green color material (Figure 3.6-c, d) was obtained. The 

dark green product was washed, collected via centrifugation, and freeze dried for 

3 days. The dry powder was thermally treated at 400℃ for 1 h, followed by 

carbonization for 2 h at 900℃ (ramp rate of 2 ℃/min). The resulting sample was 

named as NSC-900 with respected carbonization temperature.  

Further, the sample NSC-900 was treated with hydrofluoric acid for 

removal of the SiO2 core particles. For preparation of etched sample, 0.2 g of 

sample NSC-900, 5 ml of hydrofluoric acid (38-40% Alfa-Aesar), 15 ml of distilled 

water and 1 ml nitric acid were stirred during 72 h at 50℃ inside plastic tube. 

Following, the solution was diluted in 500 ml of distilled water, and repeatedly 

washed with water, centrifuged, and freeze-dried for 3 days. Figure 3.6 a-e) 

shows the photographs of the sample SC-900 (sulfur doped carbon), dispersion, 

polymerization, dark-green colored composite and after carbonization: black 

powder. Figure 3.7 shows representation of the synthesis of NSC-900 and NSC-

HF. 



33 
 

 
 

 

               

Figure 3.6- Synthesis steps for the preparation of the sample nitrogen-sulfur co-

doped carbon. a) Sulfur-doped carbon coated silica powder. b) Sulfur doped 

carbon is dispersed in water, c, d) PANI coated over the sulfur-doped carbon 

(after polymerization), e) Nitrogen-sulfur co-doped carbon after the pyrolysis. 

 

        

 Figure 3.7- Synthesis process of sample NSC-900 and NSC-HF. [88], [89] 
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3.1.5 Synthesis of nitrogen doped carbon coated silicon dioxide 

nanospheres (SiO2, 200 nm) 

PANI was grown onto the surface of SiO2 nanospheres (200 nm) using the 

same method as described in section 3.1.1. Figure 3.8-a shows the dispersion 

of SiO2 nanospheres in water and Figure 3.8-b, c show the dark green colored 

product of PANI coated SiO2 particles after polymerization. The obtained material 

was washed with distilled water and centrifuged for several times (Figure 3.8-d). 

After carbonization, the material turned into a black colored powder. This product 

of carbonization step, is nitrogen doped carbon coated SiO2 particles, as shown 

in Figure 3.8-e. This sample was named NC-900. The sample NC-900 was 

treated by hydrofluoric acid bath, (10ml water, 5 ml hydrofluoric acid (38-40% 

Alfa-Aesar), 1 ml nitric acid) for 2 days at 50℃ to remove silica core particles.  

 

            

Figure 3.8 - Synthesis steps for preparation of the sample constituted by 

nitrogen-doped carbon using silica of 200 nm, a) Silica dispersed in water in one 

beaker, and anilinium cationic solution in a separate beaker, b) Silica and aniline 

cations solution were poured together followed by addition of oxidizer, c) 

Polymerization was finished, resulting in dark green PANI, d) Centrifugation and 

collection of the product, and e) Nitrogen-doped carbon after carbonization. 
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3.1.6 Synthesis of sulfur and nitrogen co-doped carbon coated silicon 

dioxide nanospheres (SiO2, 200 nm) 

Sample NC-900 was used as core for the polymerization of EDOT 

monomers, forming a polymeric shell/coating onto it. With subsequent 

carbonization, the composite was converted into sulfur and nitrogen co-doped 

carbon coated SiO2 nanospheres.  

In brief, 0.2 g of NC-900 was dispersed in water with sonication. Next, a 

mixture of 3 ml of DBSA and 500 µl of EDOT monomers in 400 ml of water was 

added and left stirring for 2 h. Afterward, an oxidizing solution of ammonium 

persulfate was added with constant stirring and left for polymerization for over 24 

h. Gradually, the emulsion was turned into a dark blue colored material. The 

resulting material was washed thoroughly and centrifuged with 5 cycles and 

freeze-dried for 3 days. The material was collected and thermally treated at 400℃ 

for 1h (ramp rate of 2℃/min), followed by carbonization for 2 h at 800℃ or 900℃ 

(ramp rate of 2℃/min), under an argon atmosphere. After carbonization, the 

samples cooled down naturally at room temperature. The final products were 

denoted as SNC-SiO2-900 and SNC-SiO2-800, according to the respective 

carbonization temperatures. Sample SNC-HF was prepared via hydrofluoric acid 

bath treatment of sample SNC-SiO2-900, in the same fashion as mentioned in 

the previous section. 

 

3.2 Materials and methods: PANI and PTH derived carbon materials 

Herein, we report samples prepared with PTH and PANI. We started with 

preparation of PTH via oxidative polymerization. The polymerization of thiophene 

monomers was carefully carried out with the use of ‘metal free’ oxidizer, 

ammonium persulfate. Traditionally, iron chloride (FeCl3) is used for 

polymerization of thiophene, but we abstain from its use to prevent any metal 

contaminations. 
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3.2.1 Synthesis of sulfur doped carbon coated silicon dioxide 

nanospheres (SiO2, 200 nm)  

The synthetic protocol consists in chemical oxidative polymerization using 

oxidant ammonium persulfate for polymerization of thiophene monomers. The 

solvent system consisted of 300 ml of methanol and 50 ml of mercaptoethanol. 

Monomers (2 ml) of thiophene, and 1 g of silica nanoparticles were added in the 

system sonicated during 20 minutes, and stirred vigorously for 2 h. Oxidant 

ammonium persulfate (6 g) in 200 ml of water was added into the above system 

containing the silica and monomers with vigorous stirring at 60℃. After 3 days of 

polymerization, a brown solid product was obtained. The product was collected 

and washed with distilled water via 5 cycles of centrifugation. After freeze drying 

for 3 days, the dark brown powder was obtained then carbonized under an argon 

atmosphere at 900℃ for 2.5 h. The resulting material was named SC-SiO2-PTH-

900. Figure 4.1-a,b,c,d,e show the general steps of the synthesis process.  

  

               

Figure 3.9- Photographs of the preparation of sulfur doped carbon coated SiO2 

particles. a) dispersion of silica in water, b) After polymerization of polythiophene, 

c, d) after washed and freeze dried, e) after carbonization. 
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3.2.2 Synthesis of nitrogen and sulfur co-doped carbon coated silicon 

dioxide nanospheres (SiO2, 200 nm)  

 For the preparation of nitrogen and sulfur co-doped carbon material, firstly, 

0.2 g of SC-SiO2-PTH-900 was mixed into a beaker containing 100 ml water and 

sonicated for a few minutes and then kept stirring for 1 h. An anilinium solution 

was prepared using 200μl of monomers and 10 ml of 0.1 M HCl in another beaker. 

Both beakers were placed inside a frigorific room at 0℃ bath for 1h under 

vigorous stirring. The solutions of both beakers were mixed under vigorous 

stirring for another 2 h. Then, an oxidizing solution of water and ammonium 

persulfate was poured into the above mixture to oxidative polymerization of 

aniline monomers and left for 24 h to polymerize. After the polymerization, the 

material was washed thoroughly and collected via filtration. 

  The dark green colored material was carbonized at 900℃ and 1000℃, in 

an argon atmosphere for 2 h. The samples were named as NSC-PANI-PTH-SiO2-

900 and NSC-PANI-PTH-SiO2-1000. 

The etching process with hydrofluoric acid was done for sample NSC-

PANI-PTH-SiO2-900 using diluted hydrofluoric acid solution for 3 days at 50℃, to 

remove the SiO2 nanospheres. The method of etching is the same as previously 

described. The etched sample was named NSC(PANI-PTH-HF). 

 

3.3 Materials and methods: boric acid, sucrose and polyaniline derived 

carbon materials 

In this phase of work, we synthesized boron doped carbon spheres via 

hydrothermal method using simply boric acid, sucrose and water. Then, the boron 

doped carbon spheres were used again during the polymerization of aniline 

monomers. The product of the polymerization was carbonized and resulted in 

boron and nitrogen co-doped carbon materials.  
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3.3.1 Synthesis of boron doped carbon  

The synthetic protocol consists of a simple hydrothermal process (Figure 

3.4.1). In brief, 40 ml of water, 0.01mol of sucrose, and 0.065 mol of boric acid 

were stirred for 25 min, and transferred to Teflon-lined stainless-steel autoclave, 

then heat treated at 180℃ for 20 h. The brown solid product obtained was washed 

several times with distilled water and collected via centrifugation, then freeze 

dried for three days. Thereafter, the collected material was carbonized in an 

argon atmosphere at 900℃ and 1000℃ for 2 h (ramp rate of 2℃/min). The 

resulting samples were named as BC-900 and BC-1000. 

 

        

Figure 3.10- Schematic representation of hydrothermal synthesis of boron-doped 

carbon samples. a) Sucrose and Boric acid were dispersed in water, followed by 

hydrothermal synthesis in autoclave and, b, c) the product collected, washed, 

dried, and d) carbonized, resulting in boron-doped carbon. 

 

3.3.2 Synthesis of boron and nitrogen co-doped carbon 

For the synthesis of boron and nitrogen co-doped carbon, the boron doped 

carbon as synthesized above was intended to work as core during PANI 

preparation, followed by carbonization.  

Polymerization of aniline monomers was performed using 0.1 g of sample 

BC-900 dispersed in 40 ml of water. An acidic solution with100µl of aniline and 

60µl of HCl, was prepared and added to the beaker with constant stirring at cold 

bath (0℃). Oxidizing solution (ammonium persulfate) was added dropwise and 

left for polymerization up to 24 h. Then the product was collected and washed 
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with distilled water and methanol via filtration and dried in an oven overnight at 

60℃.  

The dark green product in powder form was submitted to the thermal 

treatment; it was carbonized for 2 h at 900℃ for preparation of NBC-900; and it 

was carbonized at 1000℃ for preparation of NBC-1000. The increase in 

temperature followed a very slow ramp rate at 2℃/min. The carbonization 

process was performed in argon gas flow. After the carbonization finished, the 

oven was left to cool down at room temperature. The nitrogen and boron doped 

carbon materials were named NBC-900 and NBC-1000. The steps of the 

synthesis process are shown in the Figure 3.11 - a, b, c, d, e. 

 

       

Figure 3.11- Preparation of the sample constituted by nitrogen-boron co-doped carbon 

material. a) Dispersion of boron doped carbon BC-900 into water, b) boron doped 

carbon, aniline monomers and acid dispersed in beaker and placed in cold bath, c) PANI 

coated onto boron doped carbon, d) Dark green colored PANI coated boron doped 

carbon, and e) Boron and nitrogen co doped carbon after carbonization. 
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4 RESULTS AND DISCUSSION  

The characterizations of the materials were performed by X-Ray 

Diffraction, Raman spectroscopy, Brunauer-Emmett-Teller (BET) surface area 

analysis and pore size distribution, X-ray photoelectron spectroscopy, 

transmission electron microscopy and scanning electron microscopy were used 

for characterization of morphological features. The electrochemical 

characterizations were performed through the standard CV and LSV 

measurements in alkaline medium. 

 

4.1 Physical and electrochemical characterizations of nitrogen doped 

carbon coated silicon nitride nanospheres (Si3N4)  

TEM images of the sample NC-14-900-20 (Figure 4.1-a, b and Figure 4.2-

a, b) show a coral-like structure, revealing Si3N4 nanoparticles encapsulated by 

the carbon shell and joined by carbon branches as coral-like structures. TEM 

images of sample NC-14-1000-20 (Figure 4.3-a, b and Figure 4.4-a,b) also show 

similar morphological structure to that of the sample NC-14-900-20, corroborating 

that the Si3N4 nanospheres were successfully wrapped by the carbon layers.  

     

Figure 4.1-a) TEM image of sample NC-14-900-20 shows the Si3N4 nanospheres 

coated by nitrogen doped carbon layer. b) High resolution TEM image of NC-14-

900-20 at 200 nm revealing a coral-like structure. 
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Figure 4.2-a) High resolution TEM image of sample NC-14-900-20 shows Si3N4 

nanosphere with the diameter around 16.78 nm wrapped by nitrogen doped 

carbon material. b) TEM image of sample NC-14-900-20 shows a coral-like 

structure. 

 

      

Figure 4.3-a, b) TEM images of the sample NC-14-1000-20, also showing the 

fine coating of nitrogen doped-carbon coated onto the Si3N4 nanospheres. 
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Figure 4.4-a, b) TEM images of the sample NC-14-1000-20 showing the fine 

coating of nitrogen doped-carbon coated onto the silica nanoparticles and a coral-

like structure at different magnifications. 

 

The physical characterizations of the materials were also evaluated by X-

ray photoelectron spectroscopy, X-ray diffraction, Raman spectroscopy, and 

nitrogen adsorption-desorption isotherms (BET surface area).  

XPS survey analysis (Figure 4.5-a) for the sample NC-14-1000-20 

presents 33.6% of oxygen, 27% of carbon, 22.6% of silicon, and 16.8% of 

nitrogen elements. The high content of nitrogen (16.8%) was due to the presence 

of Si3N4 nanosphere. By deconvolution of the peaks in the XPS spectra of N 1s, 

the species of nitrogen were identified at its respective binding energies, as 

79.5% pyridinic-nitrogen (397.5 eV) and 20.5% pyrrolic-nitrogen (398.6 eV), as 

shown in Figure 4.5-b. The C 1s XPS spectra (Figure 4.5-c) show the peaks for 

C-C/ C-N (53%), and C=C- (47%). The O1s XPS spectra (Figure 4.5-d) can be 

deconvoluted into two characteristic peaks, one at 532.6 eV corresponding to the 

oxygen bound to carbon and another one at 534 eV assigned to the surface 

adsorbed oxygen.    
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Figure 4.5-a) XPS survey of sample NC-14-1000-20, b) XPS spectra of N 1s, c) 

XPS spectra of C 1s, and d) XPS spectra of O 1s. 

 

 XPS survey (Figure 4.6-a) for the sample NC-14-900-20 shows the 

percentage of oxygen (33.4%), carbon (26.9%), silicon (21.3%), and nitrogen 

(18.4%). Deconvolution of N1s XPS spectra (Figure 4.6-b) of sample NC-14-

900-20 showed 70.4% pyridinic-N (398 eV), 29% pyrrolic-N (399 eV) and 0.6% 

quaternary-N (400 eV). The XPS spectra of C 1s (Figure 4.6-c) was assigned to 

C=O (37%), and C=C (63%). The O1s XPS spectra (Figure 4.6-d) showed two 

peaks corresponding to oxygen bound with carbon (532.8 eV) and surface 

adsorbed oxygen (533.8 eV).   

The variation in percentage of nitrogen content in samples NC-14-1000-

20 (16.8%) and NC-14-900-20 (18.4%) can be explained due to the difference in 

carbonization temperatures. Higher temperature (1000 oC) causes further loss of 

nitrogen species. 
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Figure 4.6-a) XPS survey spectra of NC-14-900-20. b) XPS spectra of N 1s, c) 

XPS spectra of O 1s, and d) XPS spectra of C1s. 

 

The Raman spectra of NC-14-900-20 and NC-14-1000-20 (Figure 4.7-a) 

show D- and G-bands at 1353 and 1592 cm-1.  The D band is due to out of plane 

vibrations and signals the presence of structural defects, and the G band is the 

result of in-plane vibrations of Sp2 carbon. [90] The ratio of peak intensities (ID/IG) 

were calculated 0.89 (NC-14-900-20) and 0.88 (NC-14-1000-20) suggesting that 

there is a considerable graphitized carbon in both samples. In Figure 4.7-b, the 

XRD patterns of NC-14-900-20 and NC-14-1000-20 represent the most relevant 

peaks at 2θ = 24o and 43o, indicating that the both samples are graphitized 

carbon, which can greatly improve the electronic conductivity of the materials. 

[90]  
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Figure 4.7-a) Raman spectra of NC-14-900 and NC-14-1000-20, and b) XRD 

patterns of NC-14-900-20 and NC-14-1000-20.  

 

BET surface area and pore size distribution were investigated by a 

nitrogen adsorption-desorption analysis. As shown in Figure 4.8-a, both samples 

are classified as mesoporous materials and show type IV isotherm. [91]  

 BET specific surface areas were measured to 403 and 420 m2 g-1 for NC-

14-900-20 and NC-14-1000-20, respectively. It can be suggested that increasing 

temperature from 900 to 1000oC, slightly increases the specific surface area and 

can introduce more active sites and defects for enhancing catalytic performance. 

But on the other hand, higher temperatures of carbonization inevitably cause loss 

of the active sites, resulting in less catalytic activity. Dollimore Heal pore 

distribution plot derived from the nitrogen desorption isotherm (Figure 4.8-b), 

further pointed towards the majority of mesopores with diameter ranging from 10 

to 50 nm. Such characteristics of the carbon and its coral-like morphology 

facilitate rapid ion/mass transport and expose more active sites in the material. 
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Figure 4.8-a) BET measurement of NC-14-900-20 and NC-14-1000-20, and b) 

Pore size distribution of NC-14-900-20 and NC-14-1000-20. 

 

 CV curve of the sample NC-14-900-20 (Figure 4.9-a) shows the peak 

potential of the curve at 0.82 V, half -wave potential at 0.85 V vs RHE, and onset 

potential of 0.9 V vs RHE (blue curve). The peak appears only when electrolyte 

is purged with oxygen; in contrast the peak was absent when the solution was 

purged with argon or nitrogen (black curve). This indicates that the material is 

electrocatalytic active for oxygen reduction. Figure 4.9-b (and Figure 7.1-a in 

Appendix) show the LSV curves at different rotational speeds, as can be seen, 

the current proportionally increases with increasing rotation speed. The current 

density curves are almost horizontal lines, suggesting a diffusion-controlled 

oxygen reduction and first order kinetic for ORR in alkaline solution (0.1M KOH). 

[23], [92]-[94] 

 

        

Figure 4.9- a) CV curves of NC-14-900-20 and b) LSV curves of NC-14-900-20. 
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Figure 4.10-a presents the linear Koutecky-Levich plot (j-1 vs. ω-1/2). The 

values of current density collected at the disk electrode at different rotating 

speeds were used to calculate the values of electron transfer number at different 

potential. The average values of electron transfer number of NC-14-900-20 was 

calculated for each potential using the electron transfer number values from the 

four tests, 3.6 (0.2V vs RHE),3.4 (0.3V vs RHE), 3.45 (0.4V vs RHE), 3.44 (0.5V 

vs RHE). The specific electron transfer number values to each potential were 

calculated according the tests as shown in Figure 4.10-b. The supplementary 

linear sweep voltammetry curves used to calculation of electron transfer numbers 

are in Figure 7.1 a, (Appendix). These values of electron transfer number reveal 

the high ORR selectivity with electron transfer path near to the four-electron 

transfer path. The superior ORR activity was further observed from the low 

amount of peroxide species generated on rotating ring disk electrode at 1600 rpm 

(Figure 4.11-a). The electron transfer number values calculated from the currents 

collected at the disk and ring were 3.41(0.2 V vs RHE),3.42 (0.3 V vs RHE), 3.40 

(0.4 V vs RHE), 3.40 (0.5 V vs RHE) and 3.39 (0.6 V vs RHE) and the average 

electron transfer number was near to 3.4 (Figure 4.10-b) which was close to the 

electron transfer number calculated from the Koutecky-Levich plot. As shown in 

Figure 4.11- c, the ring current is much lower than the disk current, suggesting 

low production of peroxide species, the yield of peroxide for NC-14-900-20 was 

measured lower than 20% to all potentials, suggesting high selectivity of the 

catalyst for ORR. 

 

 

Figure 4.10-a) Koutecky-Levich plot and b) corresponding electron transfer 

number values. 
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Figure 4.11-a) LSV curves show the current collected at ring and disk, and b) 

corresponding electron transfer number, and c) Peroxide generation. 

 

The catalyst also possesses a remarkable stability in alkaline solution. 

After chronoamperometric operation of 10 h, the NC-14-900-20 catalyst shows 

almost no attenuation in current, while commercial catalyst Pt/C showed the 

current decrease of about 20% (Figure 4.12-a). Apart from high ORR 

performance and stability test, the sample NC-14-900-20 was also made subject 

for methanol poisoning crossover effect. As can be seen in Figure 4.12-b, the 

catalyst shows excellent resistance towards methanol, corroborated by almost 

mirror image of CV curves with and without methanol.  



50 
 

 
 

 

         

Figure 4.12-a) Stability test shows the normalized current and b) CV before and 

after the methanol poisoning test of the catalyst sample NC-14-900-20. 

 

Figure 4.13-a shows the CV curves of the sample NC-14-1000-20. When 

the electrolyte was purged with nitrogen, there was no peak (red curve), but when 

purged with oxygen, there was the appearance of a current density peak (black 

curve). The onset potential was identified at the value of 0.89 V vs RHE and peak 

potential at 0.8 V vs RHE as shown in Figure 4.13-b (and Figure 7.1-b in 

Appendix). Notice that the cathodic current increases with increasing rotational 

speed, and for the sample NC-14-1000-20, the current density curves present 

slight slope between 0.2-0.6 V vs RHE. [23], [92]- [94] 

 

 

     

Figure 4.13-a) CV curves of NC-14-1000-20 and b) LSV curves of NC-14-1000-

20. 
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Koutechy-Levichy (K-L) plot (j-1 vs. ω-1/2), derived from the LSV curves 

between the potential range of 0.2 to 0.5 V vs RHE at different rotating speeds 

shows the parallel fitting correlation, further suggesting the first order reaction 

kinetic with respect to oxygen concentration and potential dependent electron 

transfer rate (Figure 4.14-a). [101] The values of electron transfer numbers of 

the sample NC-14-1000-20, were calculated using two ways, via Koutecky-

Levich and by current collected in disk and ring. Koutecky-Levich curves are 

shown in Figure 4.14-b. The average electron transfer number values were 

calculated according to the potentials 3.13 (0.2 V vs RHE), 3(0.3 V vs RHE), 3 

(0.4 V vs RHE), 2.95 (0.5 V vs RHE). Further, ORR activity was tested by rotating 

ring disk electrode, as can be seen the suppressed ring current indicates good 

ORR at 1600 rpm (Figure 4.15-a).  However, by using the currents collected at 

the disk and ring; the values of peroxide production showed about 28% (Figure 

4.15-b) and the electron transfer number values of 2.95 (0.2V), 2. 9V (0.3V), 

2.8(0.4V), 2.82 (0.5V) and 2.81V (0.6V) (Figure 4.15-c). 

 

     

Figure 4.14-a) Koutecky-Levich plot of NC-14-1000-20 and b) corresponding 

electron transfer number values of NC-14-1000-20. 
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Figure 4.15-a) LSV at ring disk electrode for NC-14-1000-20, b) Plot for Peroxide 

production, and c) corresponding electron transfer number. 

 

Figure 4.16-a shows the comparative LSV curves of NC-14-900-20, NC-

14-1000-20, and commercial Pt/C (20 wt%) at rotating speed of 1600 rpm. The 

NC-14-900-20 exhibits better catalytic activity in terms of high onset potential 

(0.90 V vs RHE) and high half-wave potential (0.84 V vs RHE) which outcompetes 

that of the counterpart NC-14-1000-20 (0.89 V vs RHE and 0.79 V vs RHE). The 

obtained onset potential (0.90 V vs RHE) for NC-14-900-20 is appreciable 

compared with that of the benchmark Pt/C (0.99 V vs RHE). Notably, the 

negligible performance of pristine Si3N4 nanospheres indicates that the catalytic 

ORR performances of NC-14-900-20 and NC-14-1000-20 are originating only 

from the nitrogen doped carbon. Although the simplistic comparison between NC-

14-900-20 and NC-14-1000-20 is not ideal. One can point out that the enhanced 

ORR activity in NC-14-900 seems to be related to the higher content of nitrogen, 
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the amount of pyridinic-N active sites and even due to presence of different 

nitrogen species as identified in the XPS survey.  

 

 

Figure 4.16-a) Comparison of the LSV curves at 1600 rpm of Pt/C, Si3N4, NC-

14-900-20 and NC-14-1000-20.  

 

Temperatures of 900℃ and 1000℃ can be considered optimal 

temperatures for converting PANI into nitrogen doped carbon. The resulting 

nitrogen doped carbon produced electrocatalytic ORR activity showing onset 

potential of 0.90 V vs RHE and 0.89V vs RHE for NC-14-900-20 and NC-14-

1000-20, respectively. The values of electron transfer number near to ~ 3.4 and 

low peroxide production ~ 20% for the NC-14-900-20, signalize the existence of 

mixed path tending towards the four-electron transfer pathway. 

In terms of electrochemical characterizations, the deconvolution of N1s 

XPS spectra for NC-14-1000-20 (Figure 4.5-b) showed 79.5% pyridinic-N (397 

eV) and 20.5% pyrrolic-N species but no presence of quaternary-N, in the case 

of of NC-14-900-20, it showed 70.4% pyridinic-N (398 eV), 29% pyrrolic-N (399 

eV) and 0.6% quaternary-N (400 eV) (Figure 4.6-b).  It has been shown in 

previous studies that the pyridinic-N was responsible for high catalytic onset 

potential for ORR via four-electron path. As pyridinic-N species contributes with 

a single electron pair in the plane of carbon lattice by weakening the O-O bond 

for oxygen reduction. Besides that, in order to correlate the content of nitrogen 

species with the catalytic performance, one must take into consideration that the 
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co-existence of pyridinic-N, pyrrolic-N and quaternary-N can also generate 

synergistic effect due to their different electronic configurations, consequently 

improving the catalytic performance of the catalyst material. 

According to the physical and electrochemical characterizations, the 

enhanced catalytic performance of catalyst NC-14-900-20, overall can be 

assigned to the unique coral-like morphology, abundance of mesopores and high 

nitrogen doping, promoting high mass transport and accessibility of the active 

sites.  

 

4.2 Physical and electrochemical characterizations of sulfur and nitrogen 

co-doped carbon coated silicon nitride nanospheres (Si3N4) 

 

 Sulfur and nitrogen co-doped carbon was characterized by TEM as shown 

in Figure 4.17. In the TEM images of sample SNC, a modified coral-like structure 

is present. Although there is resemblance of coral-like structure, certain regions 

of the sample show the superposition of carbon wrapping the nanometric Si3N4. 

This morphology observed in the sulfur-nitrogen doped carbon resulted from the 

process of polymerization of PANI followed by carbonization and its reutilization 

as core for the polymerization and carbonization of PEDOT, as described in the 

experimental part. Such unique morphological design and synergy of co-doping 

could be beneficial for increasing specific surface area and more active sites for 

the electrocatalysis.  
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Figure 4.17-a,b) TEM images of sample SNC.  

 

The corresponding energy dispersive X-ray spectroscopy (EDS) is shown 

in Figure 4.18-a. The elemental mapping reveals carbon, silicon, nitrogen, and 

oxygen homogeneously distributed. The broadcasted heteroatoms in the carbon 

network are important to create the electrocatalytic efficiency of the catalyst and 

in some works of literature considered responsible for the synergistic effect that 

further enhances ORR. [38]-[42] 

 

           

Figure 4.18-a) TEM image of sample SNC and b) corresponding EDS spectra 

for elements nitrogen, sulfur, carbon and oxygen. 
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Figure 4.19-a shows the XPS survey of sample SNC, with atomic 

percentage of 18.5% oxygen, 52% carbon ,13% nitrogen, 0.6%, sulfur and 15.9% 

silicon. Deconvolution of XPS spectra of C 1s (Figure 4.19-b) shows peaks 

assigned to C=C/C-O (288 eV) (9.8%), C-N (286.2 eV) (5.2%), and C=C/C-C 

(284.4 eV) (85%).  Figure 4.19-c shows the XPS spectra of N 1s assigning the 

peaks for pyrrolic-nitrogen (58.3%) at 398.5 eV, pyridinic-nitrogen (33.5%) at 397 

eV, and quaternary-nitrogen (8.2%) at 400eV. The XPS spectra of S 2p shows 

the presence of thiophenic sulfur S-C/S=C (Figure 4.19-d).  

 

 

Figure 4.19-a) XPS survey spectra of SNC, b) XPS spectra of C 1s, c) XPS 

spectra of N 1s, d) XPS spectra of S 2p. 

 

Figure 4.20-a presents the CV curves of SNC in oxygen and nitrogen 

saturated electrolyte, which shows the strong oxygen reduction cathodic peak at 

potential near 0.8 V vs RHE and onset potential at 0.9 V vs RHE. LSV curves are 
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represented in Figure 4.20-b (and Figure 7.2-a in Appendix). The LSV curves 

show the steady-state regime in which, each one of the current density curves 

reaches a stable value as the potential is swept. They also show increase in 

current density with higher rotating speed. Using the values of the current density 

and rotation speed, Koutecky-Levich plots were constructed (Figure 4.21-a) and 

the electron transfer number values calculated to the specific potentials as follow: 

as shown in Figure 4.21-b. 

 

   

Figure 4.20- a) CV curves of SNC, and b) LSV curves of SNC. 

 

  

Figure 4.21-a) Koutecky-Levich plot, and b) corresponding electron transfer 

number. 

 

Figure 4.22-a shows a methanol crossover test of sample SNC. As can 

be seen, the SNC demonstrated good resistance toward methanol poisoning. 

The chronoamperometric operation was performed to test the stability of the 



58 
 

 
 

 

catalyst, as shown in Figure 4.22-b; the sample SNC shows stable current during 

9 h of chronoamperometric operation, indicating good stability of the catalyst SNC 

in alkaline solution (0.1M KOH). 

 

 

Figure 4.22-a) CV curves with and without methanol and b) Chronoamperometric 

test.  

 

4.3 Physical and electrochemical characterizations of sulfur doped carbon 

coated silicon dioxide nanospheres (SiO2, 200 nm) 

 

Figure 4.23-a, b, and 4.24-a show the SEM images of the sulfur doped 

carbon coated silica particles. The successful coating of carbon can be observed 

all around the SiO2 nanospheres.  

  

           

Figure 4.23-a, b) SEM images of SC-900 at different magnifications.  
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EDS analysis mapped the elements: carbon (44.5%), oxygen (35.2%), 

silicon (16 %), and sulfur (4.3 %) homogeneously distributed in the sample as 

seen in Figure 4.24-a.   

 

          

Figure 4.24- a) EDS of sample SC-900, identified 44.5 %Carbon, 35.2% Oxygen, 

16 % Silicon and 4.3 % Sulfur. 

 

  Figure 4.25-a) shows XPS survey spectra of SC-900 with carbon (70.8%), 

sulfur (1.1%), silicon (8.6%), and oxygen:19.5%. The XPS spectra of C 1s 

(Figure 4.25- d) shows the presence of C=O bonds (285 eV) and C=C bonds 

(284 eV). The Deconvolution of the XPS spectra of S 2p in Figure 4.25- c), 

identified presence of 32.4% of oxidized sulfur (167 eV), 34.6% of thiophenic 

sulfur with S=C bonds (163 eV), and 33% of thiophenic sulfur with S-C bonds 

(164 eV). Thus being 67.6% of sulfur content present in the sample in the 

thiophenic-like. 
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Figure 4.25-a) XPS survey spectra of SC-900, b) XPS-HR spectra of C 1s, and 

c) XPS-HR spectra of S 2p. 

 

XRD analysis (Figure 4.26-a) shows two peaks; the peak at 23° 

represents presence of crystallinity and the peak at 42°represents presence of 

Sp2carbon; which means that the polymer was fully carbonized. Raman spectra 

shows two bands, G-band (1358 cm-1) and D- band (1592 cm-1). The bands 

intensity ratio ID/IG: 0.91 is indicative of mostly graphitic carbon with low disorder 

(Figure 4.26-b).  
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Figure 4.26-a) XRD pattern of SC-900, and b) Raman spectra of SC-900. 

 

The CV curves of SC-900 were tested in oxygen and nitrogen saturated 

0.1 M KOH electrolyte.  A reduction peak can be observed in the black curve, 

which represents when the CV measurement was performed in oxygen saturated 

electrolyte, assigning activity of the catalyst SC-900 (Figure 4.27-a). LSV curves 

of SC-900 (Figure 4.27-b) show an onset potential near 0.8 V vs RHE at different 

rotational speeds. Koutecky-Levich plot (Figure 4.28-a) and electron transfer 

number values in relation to each potential are shown in Figure 4.28-b. The 

average electron transfer number value was 2.6. 

 

     

Figure 4.27-a) CV curves of SC-900, and b) LSV curves of SC-900. 
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Figure 4.28-a) Kouteck-Levich plot of SC-900, and b) electron transfer number 

values of SC -900. 

 

Figure 4.29-a shows the CV curves comparison of samples SC-800, SC-

900 and SC-1000 and shows the oxygen reduction peak and an onset potential 

~ 0.80 V vs RHE in oxygen saturated 0.1M KOH. Figure 4.29- b shows the 

electron number values for the respective samples SC-800, SC-900 and SC-

1000. 

 

     

Figure 4.29-a) CV curves of SC-800, SC-900, and SC-1000, and b) electron 

transfer number values of SC-800, SC-900 and SC-1000.  

 

 



63 
 

 
 

 

4.4 Physical and electrochemical characterizations of nitrogen and sulfur 

co-doped carbon coated silicon dioxide nanospheres  

TEM images of the sample NSC-900 (Figure 4.30-a, b, c, d) revealed the 

carbon coating around the silicon dioxide core particles, derived from PEDOT 

and PANI after carbonization. Figure 4.30-a, reveals the carbon layer formed 

around a single silica core particle, while Figure 4.30-b, c, d) shows carbon with 

fibrous-like morphology coated over the silica cores (Figure 4.30-a, b, c, d).  

     

        

Figure 4.30-a-d) TEM images of NSC-900. 
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Figure 4.31- a) shows the SEM image of nitrogen and sulfur co-doped 

carbon coated silica with respective mapping.  Mapping revealed the distribution 

of the elements carbon(pink), nitrogen(yellow), oxygen(green), silicon (red) and 

sulfur (blue), and the respective EDS identified the contents of 73.5% carbon, 

3.3% nitrogen, 13.4%oxygen, 6.8% silicon and 3%sulfur. 

 

           

Figure 4.31- a, b) SEM image of nitrogen and sulfur co-doped carbon coated 

silica particles. Mapping shows the elements C, N, O, Si, S, and O. 

 

XPS survey of sample NSC-900 in Figure 4.32-a) identified contents of 

3% nitrogen, 1% sulfur, 12.9% oxygen, 10.6% silicon and 71.5% carbon, which 

corroborates with the information from EDS analysis. Figure 4.32- b) shows the 

C1s spectra, presenting C=O (285 eV) and C=C (284). The XPS spectra of N 1s 

(Figure 4.32-b) shows the presence of pyridinic-nitrogen (15%) at 397 eV, 

pyrrolic-nitrogen (9%) at 398.1 eV, quaternary-nitrogen (64%) at 401.3 eV and 

oxidized-nitrogen (12%) at 406 eV.   The presence of oxygen is common in 

carbon-based materials because carbon is susceptible to oxygen absorption, 

even at low temperature, as previously discussed, and the presence of nitrogen 

and sulfur elements indicates the co-doping of the carbon. [92]  
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Figure 4.32-a) XPS survey of sample NSC-900, b) XPS spectra of C1s, c) XPS 

spectra of N1s spectra, and d) XPS spectra of S2p. 

 

TEM images of the sample NSC-HF shows fibrous-like morphology of 

carbon (NSC-HF), and there is no presence of the silica core particles anymore 

(Figure 4.33-a, b, c, d). These images reveal that after the etching treatment, 

there was complete removal of the silica cores. The fibrous-like or nest-like 

morphology of the co-doped carbon catalyst is considered ideal because it 

facilitates the access and contact of the electrolyte with the catalytic sites at the 

surface of material.  
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Figure 4.33-a, b, c, d) TEM images of NSC-HF.  

 

XPS survey spectra of NSC-HF (Figure 4.34- a) confirms the presence of 

nitrogen (4%), sulfur (1.2%), oxygen (6.1%), and carbon (88.7%). That means 

that the nitrogen and sulfur contents are preserved after the hydrofluoric acid 

washing treatment, and there is removal of the silicon content, as expected. 

Figure 4.34-c) shows the N1s spectra with 21% pyrrolic-nitrogen (398 eV), 15.2% 

pyridinic-nitrogen (397 eV) and 63.8% quaternary-nitrogen (400 eV). The 

nitrogen species found are quaternary-N, pyrrolic-N and pyridinic-N, in 

agreement with the types found in the sample before the acid treatment for 

removal of the cores. 

The XPS spectra of S 2p can be deconvoluted into 16% C-S bonds 

(163.2eV), 62% C=S bonds (164.8eV) and oxide of sulfur 22%(168eV) (Figure 
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4.34-c). [38],[97] The XPS spectra of C 1s (Figure 4.34-d) can be deconvoluted 

for C=C bonds at 284.4 eV, and C-N/C=O bonds at 285 eV. [64], [94]-[96]  

      

Figure 4.34-a) XPS survey of sample NSC-HF, b) XPS spectra of N1s, c) XPS 

spectra of S2p, and d) XPS spectra of C1s. 

 

XRD pattern of sample NSC-HF shows a peak at 240 indicating the 

dominant presence of amorphous carbon phase, and a peak at 440 suggesting 

partial formation of crystalline graphitic-like phase (Figure 4.35-a). Raman 

spectra showed two peaks referring to the graphitic carbon / G-band (1588 cm-1) 

and disordered carbon. D-band (1341 cm-1). Intensity ratio ID/IG =0.92 indicates 

high graphitization and low defects, and the intensity ratio I2D/IG indicates 

presence of multilayered carbon (Figure 4.35-b). Surface area of sample NSC-

HF was found 341 m2/g (Figure 4.35-c) and mesopores with diameters ranging 

from 1.7 to 50 nm (Figure 4.35-d). 
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Figure 4.35-a) XRD survey, b) Raman spectra, c) Adsorption/desorption 

isotherm curve and d) porosity of the sample NSC-HF. 

 

Figure 4.36-a shows the CV curves of the sample NSC-900. The black 

curve with reduction peak was obtained when the CV measurement was 

performed in oxygen saturated 0.1 M KOH electrolyte. There is no peak in the 

current density when the electrolyte was only purged with nitrogen (red curve).  

Onset potential of NSC-900 was found at 0.9 V vs RHE. Figure 4.36-b 

(and Figure 7.3-a in Appendix) show the LSV curves with onset potential of 0.90 

V vs RHE at different rotational speeds. The increase of rotation speeds causes 

an increase in current density. The LSV curves show a flat plateau between the 

potential values of 0.2-0.6 V vs RHE, which signalizes a diffusion-controlled 

oxygen reduction in alkaline solution (0.1M KOH).  [92]-[94] 
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Figure 4.36- a) CV curves of NSC-900 and b) LSV curves of the NSC-900. 

 

  Koutecky-Levich plot (Figure 4.37-a) shows the linear relation between 

values of j-1 and ω-1/2. The average value of electron transfer number was 

calculated near 3.52 (0.2 V vs RHE), 3.5(0.3 V vs RHE),3.51(0.4 V vs RHE), and 

3.47 (0.5 V vs RHE) (Figure 4.37-b). 

 

     

Figure 4.37- a) Koutecky-Levich plot of NSC-900 and b) electron transfer number 

of NSC-900. 

 

Sample NSC-900 (Figure 4.38-a) also shows good resistance towards 

methanol poisoning, and does not show significant loss in onset potential after 

the addition of methanol.  Chronoamperometric test was performed during 10 h 

(Figure 4.38-b).  
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Figure 4.38-a) Methanol cross over test of NSC-900 and b) Chronoamperometric 

test of NSC-900.  

 

 

 CV curve of sample NSC-HF (Figure 4.39-a) shows that the onset 

potential reached 0.94 V vs. RHE, when electrolyte was saturated with oxygen, 

which outperforms the unetched sample NSC-900 (0.90V vs. RHE). The half-

wave potentials of NSC-HF and Pt/C were measured to be near 0.81 and near 

0.84 V vs. RHE, respectively. As can be noticed from all of the aforementioned 

electrocatalytic measurements, the NSC-HF demonstrates the highest ORR 

activity among all the likewise prepared samples.  

This result supports the previously reported work where co-doped carbon 

exhibits better ORR electrocatalysis with more positive shift in onset potential 

compared to the single heteroatom doped carbons.[93]-[96] The enhanced ORR 

performance of NSC-HF can be explained due to the synergistic effect between 

the dopants that promotes better catalytic activity and optimal morphological 

features acquired with etching of silica cores, increasing surface area and 

exposing more active sites. The increase in the cathodic current was observed 

with increasing rotational speeds, which suggests a diffusion-controlled oxygen 

reduction in 0.1 M KOH electrolyte (Figure 4.39-b and Figure 7.3-b in Appendix). 

[55][98]  
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Figure 4.39-a) CV curves of NSC-HF and b) LSV curves of NSC-HF  

 

Figure 4.40-a shows the corresponding Koutechy-Levich plot (j-1 vs. ω-1/2), 

which was derived from the LSV curves between the potential range of 0.2 to 0.6 

V vs RHE at different rotating speeds. Koutecky-Levich plot (Figure 4.40-a) 

displayed almost linear relation between the current density (j-1) and rotating scan 

rates (ω-1/2). The electron transfer number values were calculated to the 

respective potentials (Figure 4.40-b). The values collected from four tests shown 

in Figure 4.40-b were used to calculated average value for each potential, 3.95 

(0.2 V vs RHE), 3.9 (0.3 V vs RHE), 3.93 (0.4 V vs RHE), and 3.81(0.5 V vs RHE), 

indicating a tendency towards four electron pathway for ORR catalysis.[93] 

 

 

       

Figure 4.40-a) Koutecky-Levich plot of NSC-HF and b) corresponding electron 

transfer number values. 
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Current collected at the disk and ring were used to calculate the amount 

of H2O2 generation and electron transfer number values. The peroxide was 

calculated to be lower than10% for the sample NSC-HF.  The low amount of H2O2 

generation by catalyst NSC-HF is attributed to its high ORR activity with four 

electron transfer processes. (Figure 4.41-a,b,c). 

The average electron transfer number measured from a rotating ring-disk 

electrode (~ 3.8) for NSC-HF was also calculated. The variation in values of 

electron transfer number, calculated from rotating ring-disk collected currents and 

Koutecky-Levich plot was also seen in earlier reported works (Figure 4.41-c). 

[99]-[102] 

 

            

Figure 4.41-a) Linear sweep voltammetry with current collected at ring and disk 

of NSC-HF, b) electron transfer number, and c) peroxide production. 

 

 



73 
 

 
 

 

  Further, the catalyst NSC-HF was subjected to methanol crossover effect 

analysis, as can be seen in Figure 4.42-a. The catalyst showed almost no 

attenuation in ORR performance, as onset potential and half-wave potential are 

almost the same, suggesting that the NSC-HF is resistive to the methanol 

poisoning effect. Long term stability of catalyst material is of great importance for 

ORR catalysis. The stability test of catalyst NSC-HF and benchmark Pt/C was 

examined by chronoamperometric current-time (i-t) measurement in oxygen 

saturated 0.1 M KOH aqueous solution.  

The catalyst NSC-HF showed good stability with very little attenuation of 

9% for 11 hours, whereas, the Pt/C suffers from a significant loss in current of ~ 

20%, during chronoamperometric operation (Figure 4.42-b). 

 The stability of NSC-HF may be due to higher degree of graphitization and 

higher surface area, on the other side the agglomeration of Pt nanoparticles and 

faster loss of electrochemical surface area may cause the inferior stability of Pt/C. 

[102], [103] 

 

 

        

 

Figure 4.42- a) Methanol crossover test for NSC-HF and b) Stability tests for Pt/C 

and NSC-HF. 
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4.5 Physical and electrochemical characterizations of nitrogen doped 

carbon coated silicon dioxide particles and etched nitrogen doped carbon 

The SEM image in Figure 4.43-a shows the external carbon coating 

produced after carbonization of PANI coated onto silicon dioxide particles. There 

are carbon spikes all over the surface. Other SEM image of the same sample 

revealed a smooth texture of carbon coating onto silicon dioxide particles (Figure 

4.43-b). The corresponding elemental mapping (Figure 4.43-a) identified the 

presence of nitrogen (6%), silicon (4.3%), oxygen (14.3%) and carbon (75.4%). 

The elemental mapping of the sample presented in (Figure 4.43-b) identified 

atomic percentages of nitrogen (5.7%), silicon (3%), oxygen (23.2%) and carbon 

(68.1%). The identification of these elements confirms the successful coating of 

nitrogen doped carbon onto the silicon dioxide core particles. Sample NC-900 

was treated with hydrofluoric acid for removal of silicon dioxide particles. TEM 

images of sample NC-HF revealed the remaining carbon cups/or shells after 

etching of silica cores (Figure 4.44-a, b).       

                                                                                      

               

Figure 4.43-a, b) SEM images of NC-900. (In the bottom: element mapping 

showing the presence of nitrogen, oxygen, carbon, and silicon 
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Figure 4.44- a, b) TEM images of NC-HF showing carbon cups.  

 

 XRD survey identified a large peak at 22.9° and a less intense peak at and 42.2°, 

which confirm the successful conversion of PANI into graphitic carbon material with 002 

and 001 planes (Figure 4.45- a).[103] Raman analysis shows the D band at 1365.6 cm-

1 and G band at 1580 cm-1, attesting to the presence of disordered or amorphous carbon 

and graphitic carbon. The intensity ratio ID/IG was calculated 0.92. (Figure 4.45- b). The 

material was classified as mesoporous with a surface area of 390 m2/g (Figure 4.45- 

c,d). 

 

              

Figure 4.45- a) XRD pattern shows the peak at 22.9° and 42.2°, b) Raman shows 

G-band and D-band, c) BET surface area and d) pores diameters. 
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Elements were identified in XPS survey of sample NC-900 (Figure 4.46) 

as nitrogen (6.2%), carbon (86.7%), oxygen (6%) and silicon (1.1%). Figure 4.46-

b) shows the C1s spectra with C=C (284.5 eV) and C=O (285 eV) bonds. 

Deconvolution of the XPS N1s spectra shows the presence of quaternary-

nitrogen (72%) at 400.8 eV, pyrrolic-nitrogen (23%) at 398 eV, and oxidized-

nitrogen (5%) at 405 eV, interesting there was no presence of pyridinic-N. 

 

 

            

Figure 4.46- a) XPS survey spectra of NC-900, b) XPS of C1s, and c) XPS of 

N1s spectra. 

 

CV curve of the sample NC-900 shows oxygen reduction peak at 0.76 V 

vs RHE in oxygen saturated 0.1 M KOH electrolyte, onset potential at 0.89 V vs 

RHE and half-wave potential at 0.8V vs RHE (Figure 4.47-a). 

The LSV curves show the onset potential value near 0.88-0.89 V vs RHE 

and half-wave potential 0.79 V vs RHE (Figure 4.47-b and Figure 7.2-b in 

Appendix). Koutecky -Levich plots of NC-900 is shown in Figure 4.48-a. The 
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electron transfer number values were calculated to each one of the respective 

potentials and average values found 3.1(0.2 V vs RHE), 3 (0.3 V vs RHE), 3(0.4 

V vs RHE) and 3 (0.5 V vs RHE) (Figure 4.48-b). Methanol crossover test shows 

that the sample NC-900 does not decrease performance when methanol was 

added to the electrolyte (Figure 4.49-a). The chronoamperometry test showed a 

good stability during 10 h compared with Pt/C catalyst (Figure 4.49-b). 

  

      

Figure 4.47-a) CV curves of NC-900, and b) LSV curves of NC-900. 

 

       

Figure 4.48-a) Koutecky-Levich plot and b) Electron transfer number values. 

 

 

         

Figure 4.49-a) Methanol cross-over test and b) stability test of NC-900. 
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4.6 Physical and electrochemical characterizations of nitrogen and sulfur 

co-doped carbon samples  

The X-ray diffraction pattern as shown in Figure 4.50-a, was used to 

characterize the graphitic structure of the materials. The samples NSC-HF, NC-

HF, and SC-Hf showed two peaks, representing (002) and (001) diffraction plans 

of graphitic carbon.[103],[104] Notably, the diffraction peak at 24.8o for NSC-HF 

attains a slightly higher degree than those of NC-HF (24.3 o) and SC-HF (24.1o), 

suggesting high π-conjugated system in NSC-HF. [105] Moreover, both peaks at 

24.8o and 43.2o were also found to be slightly sharper than those of NC-HF and 

SC-HF, implying a more crystalline feature of the NSC-HF. Raman spectra 

(Figure 4.50-b) shows two bands located at1334 cm-1 and 1586 cm-1 correspond 

to the D (structural defects) and G (graphitic order) bands and intensity ratio of D 

and G peak (ID/IG) characterizes the structural disorder of the materials, as it is 

known that higher the ratio, higher the structural disorder of the material. [106], 

[107]. The intensity ratio ID/IG was measured to be 0.92, 0.93, and 0.9 for NSC-

HF, NC-HF, and SC-HF, respectively. The broader peaks of NSC-HF at 2651 and 

2930 cm-1 signify the harmonics of 2D and 2G Raman bands, whose intensities 

reduced for NC-HF and SC-HF, further suggesting the high proportion of graphitic 

structure of NSC-HF compared to others. The graphitization is essential for 

enhancing the electrical conductivity of the carbonaceous material, which 

contributes to the ORR activity of carbon materials [108]-[110].   

 

 

       

Figure 4.50-a) XRD surveys and b) Raman spectra of NC-HF, SC-HF and NSC-

HF. 
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Brunauer-Emmett-Teller (BET) specific surface areas were 341, 397, and 

180 m2/g for NSC-HF, NC-HF, and SC-HF, respectively. The physisorption 

isotherm found IV type and shows a clear hysteresis loop, indicating that the 

samples NSC-HF and NC-HF are mainly composed of mesopores (Figure 4.51-

a).[77] 

  The corresponding pore size distribution plot derived from the N2 

desorption isotherm, confirms the main mesopores in the NSC-HF and NC-HF 

with diameters ranging from 1.7 to 50 nm (Figure 4.51-b). While, SC-HF shows 

a constricted and narrow down curve, indicating much narrower pore size 

distribution. The large surface area and abundant mesopores of sample NSC-HF 

and NC-HF are viable in accumulating high ion/electron transport for catalysis. 

          

Figure 4.51- a) Nitrogen adsorption-desorption curves (BET) for the NSC-HF and 

b) Pore size distribution curves. 

 

 

CV curves of the samples NC-900 and NC-HF, SC-900 and SC-HF are 

shown in Figure 4.52-a, b. The samples showed onset potential near to the same 

values, highlighting that the silicon dioxide particles are inert towards oxygen 

reduction reaction and do not contribute to enhancing catalytic activity of the 

doped carbons, however morphological changes are attributed to the process of 

removal of silica core particles, which may reflect in the catalytic activity.  
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Figure 4.52-a) CV curves of NC-HF and NC-900, and b) CV curves of SC-900 

and SC-HF. 

 

Figure 4.53-a, b show the CV curves and LSV curves for all etched 

samples NSC-HF, SC-HF, NC-HF and compared with commercial Pt/C (20 

wt.%). It is obvious that the Pt/C catalyst showed the best performance with the 

most positive onset potential of 1 V vs RHE and half-wave potential of 0.96 V vs 

RHE. However, the catalyst NSC-HF shows very close performance to the Pt/C 

by approaching onset potential of about 0.94 V vs RHE, following NC-HF (0.88 V 

vs RHE) and SC-HF (0.79 V vs RHE). The obtained onset potential value 0.94 V 

vs RHE is quite impressive compared to the many reported carbon-based ORR 

electrocatalysts.  

 

 

 

Figure 4.53-a) CV curves and b) LSV curves for Pt-based carbon, NSC-HF, NC-

HF, and SC-HF.  
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4.7 Physical and electrochemical characterizations of sulfur and nitrogen 

co-doped carbon  

SEM images (Figure 4.54-a, b) of sample SNC-SiO2-900 show the carbon 

coated silicon dioxide particles. The carbon coating formed pellets with spherical 

morphology. EDS analysis identified the nitrogen, sulfur, oxygen, carbon and 

silicon elements, therefore confirming the homogeneously distributed sulfur and 

nitrogen dopants into the carbon lattice. Atomic percentages were identified as 

nitrogen (4.35%), sulfur (1.49%), carbon (64.35%), oxygen (24.18%), and silicon 

(5.62%) (Figure 4.54-b).  

 

 

Figure 4.54-a, b) SEM images of SNC-SiO2-900. Bottom of figure: mapping 

showing the presence of nitrogen, oxygen, carbon, and silicon. 

 

Further, TEM images confirmed the fine coating of co-doped carbon layers 

onto the silicon dioxide core particles, with few nanometers thickness of carbon 

layers (Figure 4.55-a, b, c, d).  It is possible to observe in Figure 4.55-c, that two 

of the silica particle cores were united together by the carbon layers.   

Apparently, there is no clear phase separation between sulfur doped 

carbon and nitrogen doped carbon, instead the carbon layers merge, and by the 

mapping we identified simultaneous presence of both dopants, which signals co-

doping of resulting carbon layers. 



82 
 

 
 

 

 

Figure 4.55-a, b, c, d) TEM images of SNC-SiO2-900 shows the sulfur and 

nitrogen co-doped carbon layer coated over the silica core particles.  

 

Figure 4.56-a, shows the XPS survey spectra of SNC-SiO2-900, which 

identified 4.2% nitrogen, 58% carbon, 26% oxygen, 8.4% silicon and 3.4% sulfur 

The O1s XPS spectra shows two peaks corresponding to oxygen bound with 

carbon (531 eV) and surface adsorbed oxygen (532.5 eV) (Figure 4.56-b). In the 

XPS spectra of N 1s, were assigned 15% pyridinic-nitrogen, 11% pyrrolic and 

74% quaternary-nitrogen (Figure 4.56-d). [111]-[113] In the XPS spectra of S 

2p, the thiophene-like S-C is assigned to 164.2 eV and S=C to 165.3 eV, and the 

sulfone-like groups (-C-SOX-) to 168.4 eV and 169.5 eV (Figure 4.56-c). The 

XPS spectra of C 1s shows three peaks, assigning 38.78% C=C (284.4 eV), 40% 

C=O/C-N/C-S (286.8 eV), and 21.22% C-O/C=O (292.3 eV) Figure 4.56-e. [114]-

[115] 
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Figure 4.56 - a) XPS survey of SNC-SiO2-900, b) XPS spectra of C 1s, c) XPS 

spectra of O 1s, d) XPS spectra of N 1s, and e) XPS spectra of S 2p of SNC-

SiO2-900.  

 

  CV and LSV curves of sample SNC-SiO2-900 (Figure 4.57-a, b) present 

onset potential of 0.89V vs RHE and half-wave potential at 0.81 V vs RHE.  

Figure 4.57-b shows the LSV curves reaching higher current density with higher 

rotation speed (supplementary curve in Figure 7.4-a in Appendix).  Figure 4.58-

a, b show the corresponding Koutecky-Levich plot and electron transfer number 

values obtained at different potentials. 
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Figure 4.57-a) CV of SNC-SiO2-900, and b) LSV of SNC-SiO2-900. 

 

Figure 4.58-a) Koutecky-Levich plot of SNC-SiO2-900, and b) corresponding 

electron transfer of SNC-SiO2-900. 

 

In the next step, SNC-SiO2-900 was treated with hydrofluoric acid  for 

removal of the silica ore particles, resulting in the sample SNC-HF.  

TEM images of the sample SNC-HF showed that after the treatment with 

hydrofluoric acid for removal of silica core particles, the sample was constituted 

by the fragments of carbon material (Figure 4.59-a,b,4.60-a,b). 



85 
 

 
 

 

           

Figure 4.59-a,b) TEM images of  SNC-HF. 

 

         

  Figure 4.60-a,b) TEM images of  SNC-HF. 

 

XPS analysis of sample SNC-HF as shown in Figure 4.61-a identified the 

presence of 87% carbon, 6.1% oxygen, 2.9% nitrogen, and 4 % sulfur. The O1s 

XPS spectra (Figure 4.61-b) showed two peaks corresponding to oxygen bound 

with carbon (531.1 eV) and surface adsorbed oxygen (533 eV). Figure 4.61-c 

shows the XPS S2p spectra of sulfur species doped into carbon lattice as 

thiophenic-like C-S/C=S (63%) and oxidized-sulfur (37%). The atomic 

percentage of the nitrogen species were 11.8% pyrrolic, 68.5% quaternary and 

19.7% oxidized (Figure 4.61-d). The XPS spectra of C 1s shows three peaks, 
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assigning 48.2% C=C (283.9 eV), 38.8% C-N/C-S (285 eV), and 13% C-O/C=O 

(291.8 eV) (Figure 4.61-e). 

 

 

Figure 4.61-a) XPS survey of SNC-HF, b) XPS spectra of C 1s, c) XPS spectra 

of O 1s, d) XPS spectra of N 1s, and e) XPS spectra of S 2p.  
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CV curves of sample SNC-HF (Figure 4.62-a) showed onset potential 

value near 0.91-0.92 V vs RHE. LSV curves (Figure 4.62-a and Figure 7.4 -b in 

Appendix) show that the current density curves reach higher values as the 

rotational speed is increased. 

Figure 4.63- a, b show the corresponding Koutecky-Levich plot and 

electron transfer number values calculated to each potential. The electron 

transfer number values were calculated with base on the three tests as 3.48(0.2 

V vs RHE), 3.46(0.3 V vs RHE),3.45 (0.4 V vs RHE), and 3.42(0.5 V vs RHE). 

Figure 4.64-a shows good methanol crossover effect of sample SNC-HF. The 

chronoamperometric test of sample SNC-HF is presented in Figure 4.64-b 

indicating good stability.  

 

 

Figure 4.62-a) CV curves of SNC-HF, and b) LSV curves of SNC-HF. 

 

 

 

Figure 4.63-a) Koutecky-Levich plot of SNC-HF, and b) corresponding electron 

transfer number of samples SNC-HF. 
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Figure 4.64-a) Methanol crossover of SNC-HF, and b) Stability test of SNC-HF.  

 

Samples SNC-HF and NSC-HF were prepared from the same polymer 

precursors (PANI and PEDOT) in alternated ways, which explain why the 

samples activity is different. The sample NSC-HF performs slightly better in terms 

of onset potential (0.94 V vs RHE) and half wave potential (0.87V vs RHE) than 

the sample SNC-HF (onset potential: 0.92 V vs RHE and half-wave potential: 

0.84 V vs RHE). This indicates that the external layer of nitrogen doped carbon 

(produced by carbonization of PANI) shows better catalytic properties than the 

external layer of sulfur doped carbon (produced by carbonization of PEDOT). The 

synergistic factor of co-doping and structure resulting from the etching treatment 

can also be considered for the high ORR performance of sulfur and nitrogen 

doped carbon NSC-HF.  

 

4.8 Physical and electrochemical characterizations sulfur doped carbon 

coated silicon dioxide nanoparticles  

  SEM images of sample SC-SiO2-PTH-900 (Figure 4.65-a) presents the 

sulfur doped carbon coated onto silicon dioxide particles, and the mapping shows 

the elemental composition. The carbon layer coated silicon dioxide particles 

showed average diameters between 250 - 500nm. The elemental mapping 

showed that sulfur-doped carbon coated silicon dioxide particles were 

successfully prepared, as can be observed in the homogeneous distribution of 

carbon and sulfur doping. The atomic content was identified as follows, carbon 
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(49.82%), oxygen (37.72%), silicon (12.21%), and sulfur (0.25%) (Figures 4.65-

b).  

 

    

Figure 4.65-a) SEM image of SC-SiO2-PTH-900, and b) corresponding mapping 

of O, S, C and Si 

 

 

Electrochemical tests were performed in alkaline solution (0.1 M KOH), 

purged successively with nitrogen and oxygen. CV curve of the sample SC-SiO2-

PTH-900 (Figure 4.66-a) shows cathodic peak for the oxygen reduction at 0.75 

V vs RHE and current density near to 0.6 mA/cm2. Figure 4.66-b shows the LSV 

curves with onset potential of ~ 0.79 V vs RHE. The Koutecky-Levich plot is 

presented in Figure 4.67-a. The electron transfer number values to each potential 

were calculated 2.3 (0.2V), 2.27 (0.3V), 2.26 (0.4V), 2.18 (0.5V), and 2.1 (0.6V) 

(Figure 4.67-b). The relatively low electron transfer number indicating two 

electron pathways for ORR for the SC-SiO2-PTH-900. 

 Methanol cross over test for the SC-SiO2-PTH-900, as shown in Figure 

4.68-a shows slightly reduced performance in terms of current density, this might 

be due to the methanol molecules blocking the active sites of SC-SiO2-PTH-900.  
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 Electrochemical properties of sulfur doped carbon prepared from two 

different precursor sources such as PTH and PEDOT were also investigated. As 

shown in Figure 4.68-b, the CV curves for the SC-900 (prepared from PEDOT 

coated silicon dioxide particles) exhibited better ORR performance by achieving 

higher current density value in the CV (1.5mA.cm2) and more positive of onset 

potential value (0.8V vs RHE) than that of the sulfur doped carbon prepared from 

the carbonization of PTH (0.78V vs RHE and current density value of 0.6 

mA.cm2).  

This might be because the contents of sulfur in the carbon material 

prepared from PEDOT were 3.8%, much higher than the carbon material 

prepared from PTH (0.25%). In addition, the sulfur doped carbon material 

prepared from PEDOT had a surface area of 180 m2/g, while sulfur doped carbon 

prepared from PTH was 56 m2/g.  

 

 

Figure 4.66-a) CV curves and b) LSV curves of SC- SiO2 -PTH-900. 

 

 

 Figure 4.67-a) Koutecky-Levich curves of SC-SiO2-PTH-900, and b) electron 

transfer number values of SC-SiO2-PTH-900. 
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Figure 4.68-a) Resistance to methanol poisoning test of SC-SiO2-PTH-900, b) 

CV curves comparison of sulfur doped carbon derived from PTH (SC-SiO2-PTH-

900) and PEDOT (SC-900). 

 

 

4.9 Physical and electrochemical characterizations of nitrogen and sulfur 

co-doped carbon  

SEM image of Figure 4.69-a shows that the sample NSC-PANI-PTH-SiO2-

900 demonstrated spike-like structures all over the external surface of the carbon 

sphere. The corresponding EDS analysis showed the homogeneous distribution 

of elements oxygen, silicon, carbon, nitrogen and sulfur elements. The atomic 

percentages were identified: 82.38% carbon, 8.54% oxygen, 0.49% silicon, 8.5% 

nitrogen, and 0.06% sulfur, respectively (Figure 4.69-b). The small percentage 

of sulfur might be explained by the loss of sulfur content during carbonization of 

polythiophene. 



92 
 

 
 

 

        

Figure 4.69-a) SEM of NSC-PANI-PTH-SiO2-900, b) Corresponding 

elemental composition of NSC-PANI-PTH-SiO2-900 and mapping showing 

the presence of the dopant elements (bottom). 

 

TEM images (Figures 4.70-a,b) of etched sample NSC(PANI-PTH-HF),  

showed the agglomerated pieces of carbon. The hydrofluoric acid treatment 

completely removed the silicon dioxide particles, while destroying the structure.  

Furthermore, it is also important to note that there is no visible phase boundary 

from two different sources of carbon (PANI and PTH). XPS analysis of the etched 

sample revealed sulfur and nitrogen presence (Figure 4.71-a).  
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Figure 4.70-a, b) TEM images of NSC (PANI-PTH-HF). 

 

Figure 4.71-a shows the XPS survey spectra of NSC (PANI-PTH-HF) 

containing nitrogen (2,6%), sulfur (0.9%), oxygen (16.9%) and carbon (79.6%). 

In the XPS spectra of C 1s, it was found C=C/C-C (57.87%), C-N/C-S (31.60%), 

and -C=O, (10.53%) (Figure 4.71-b). XPS spectra of N 1s (Figure 4.71-c) can 

be deconvoluted for quaternary-nitrogen (51.49%), pyrrolic-nitrogen (24.93%), 

and oxidized-nitrogen (23.58%). The XPS spectra of S 2p shows sulfide bridges 

(C=S, 43.78%), (C-S, 27.17%), and oxidized species (O=S, 29.05%) (Figure 

4.71-d).  

Figure 4.72-a presents XRD diffraction pattern with typical peaks at 24° 

and 45° of carbon materials. In Figure 4.72-b, Raman spectra shows D band and 

G band. The intensity ratio ID/IG of 1.1 of the sample NSC (PANI-PTH-HF) 

represents highly disordered carbon. Measurements of surface area and porosity 

using BET were performed for the samples NSC, NSC-PANI-PTH-SiO2-900 and 

NSC-PANI-PTH-SiO2-100. 

The measured surface areas were 379 m2/g for the sample NSC (PANI-

PTH-HF), 221 m2/g for NSC-PANI-PTH-SiO2-900 and 203 m2/g for NSC-PANI-

PTH-SiO2-1000 (Figure 4.73-a). The fact that the etched sample presented the 

larger surface area, highlights the positive effect of removal of silicon dioxide 

particles, which can facilitate larger exposure of active sites for catalysis. The 

catalysts also show the rich mesoporosity, which is essential for mass transport 

(Figure 4.73-b).   



94 
 

 
 

 

          

Figure 4.71-a) XPS Composition of NSC(PANI-PTH-HF), b) XPS spectra of C1s, 

XPS spectra of N1s, and XPS spectra of S2p. 

 

 

     

Figure 4.72-a) X-ray pattern of NSC(PANI-PTH-HF), and b) Raman 

characterization of NSC(PANI-PTH-SI).  
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Figure 4.73-a) Nitrogen adsorption-desorption isotherm for NSC, NSC-PANI-

PTH-SiO2-900 and NSC-PANI-PTH-SiO2-1000, b) Pore size distribution of 

NSC(PANI-PTH-HF), NSC-PANI-PTH-SiO2-900 and NSC-PANI-PTH-SiO2-

1000. 

 

CV and LSV curves of the sample NSC-PANI-PTH-SiO2-900 shows 

oxygen reduction peak at 0.75 V vs RHE at 1.2 mA/cm2 and onset potential at 

0.87 V vs RHE (Figure 4.74-a, b). Figure 4.75-a shows the Koutecky-Levich plot 

with linear curves at different potentials. The electron transfer number values are 

plotted in relation to the potential values (Figure 4.75-b) and vary between 2.9 

(0.2V vs RHE) and 2.5(0.5 V vs RHE). 

Resistance to methanol poisoning test was performed by the addition of 

methanol in the alkaline solution, as shown in the Figure 4.76-a. There was a 

little loss in performance noticed by reducing current density, and half wave 

potential. However, there was no obvious change of onset potential. The stability 

test (Figure 4.76-b) shows good stability, the catalyst kept 100% of the 

normalized current for 40000 seconds of chronoamperometric operation.  
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Figure 4.74-a) CV curves of NSC-SiO2(PANI-PTH-900), and b) LSV curves of 

NSC-SiO2 (PANI-PTH-900).  

 

 

Figure 4.75-a) Koutecky-Levich plot of NSC (PANI-PTH), and b) corresponding 

electron transfer number values of NSC (PANI-PTH). 

 

         

Figure 4.76-a) Methanol cross-over test of NSC-SiO2-(PANI-PTH-900), and b) 

Stability test. 
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Figure 4.77-a,b show the comparison of CV and LSV curves for samples 

SC-SiO2-PTH-900 and NSC-SiO2-(PANI-PTH-900), respectively. NSC-PANI-

PTH-SiO2-900 presented onset potential of 0.87 V vs RHE and current density of 

1.55 mA/cm2 much better than SC-SiO2-PTH-900 (0.79 V vs RHE and current 

density of 0.6 mA/cm2)  

CV of the sample NSC-PANI-PTH-SiO2-1000 in Figure 4.78-a shows 

onset potential value of ~ 0.87 V vs RHE, and peak potential of 1.36 mA/cm2 at 

0.72 V vs RHE. Figure 4.78-b shows the LSV with higher value of 4.3 mA/cm2 at 

a rotating speed of 2400 rpm. Figure 4.79-a shows the Koutecky-Levich plot with 

linear curves at different potentials. The electron transfer number values are 

plotted in relation to the potential values (Figure 4.79-b) and average value found 

to be ~ 2.8. NSC-PANI-PTH-SiO2-1000 also shows acceptable resistance toward 

methanol poisoning cross over effect, as shown in Figure 4.80-a. The stability 

test of sample NSC-PANI-PTH-SiO2-1000 (Figure 4.80-b) shows the current loss 

of about 20% after 11hours.  

 

Figure 4.77-a) Comparison of CV of samples SC-SiO2-PTH-900 and NSC-SiO2-

(PANI-PTH-900), and b) LSV of samples SC(PTH-900) and NSC-SiO2-(PANI-

PTH-900). 
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Figure 4.78-a) CV curves of NSC-SiO2-(PANI-PTH-1000), and b) LSV curves. 

 

 

    

Figure 4.79-a) Koutecky-Levich plot of NSC-SiO2-(PANI-PTH-1000), and b) 

corresponding electron transfer number values. 

 

 

                            

Figure 4.80-a) Resistance to methanol poisoning test shown in CV of NSC NSC-

SiO2-(PANI-PTH-1000). 
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The sample NSC (PANI-PTH-HF), obtained from the treatment with 

hydrofluoric acid, showed onset potential value of 0.90 V vs RHE with high current 

density of peak at 1.4 mA/cm2 and half wave potential of 0. 8 V vs RHE (Figure 

4.81-a). 

LSV curves also presented high diffusion limited current density with linear 

plateau with highest current density value of current density of 5 mA/cm2 at 2400 

rpm, as shown in Figure 4.81-b. Figure 4.82-a shows the Koutecky-Levich plot, 

and the electron transfer number values with respect of the potential as shown in 

the Figure 4.82-b, the average electron transfer number value of 3.5, indicating 

a mixed electron transfer pathway for ORR electrocatalysis of etched sample 

NSC(PANI-PTH-HF). Such ORR performance can be associated with the 

exposure of active sites upon hydrofluoric acid treatment.  

Figure 4.83-a shows the methanol poisoning effect on the catalyst. The 

NSC (PANI-PTH-HF) shows excellent methanol tolerance and no change in 

onset potential. Chronoamperometry test (Figure 4.83-b) displays loss in current 

after 30000 seconds of operation, indicating good stability of catalyst in alkaline 

solution.  

 

 

 

Figure 4.81-a) CV curves of the sample NSC(PANI-PTH-HF) shows onset 

potential value of 0.9 V vs RHE, and b) LSV curves of the sample NSC(PANI-

PTH-HF). 
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Figure 4.82-a) Koutecky-Levich plot using values of current density collected at 

the disc, and b) Average electron transfer number value 3.5. 

 

                                              

Figure 4.83-a) Resistance to methanol poisoning test of sample NSC (PANI-

PTH-HF) and b) Stability test of the sample NSC (PANI-PTH-HF). 

 

Further, a comparison test was made between NSC-SiO2-(PANI-PTH-

1000), NSC-SiO2-(PANI-PTH-900), NSC(PANI-PTH-HF) and benchmark Pt/C 

(20 wt.%) (Figure 4.84-a, b).  

 Sample NSC(PANI-PTH-HF) showed better ORR performance with onset 

potential at 0.9V vs RHE and half-wave potential at 0.85 V vs RHE compared to 

the NSC-SiO2-(PANI-PTH-1000) (onset potential at 0.88V vs RHE and half wave 

potential at 0.80 V vs RHE), and NSC-SiO2-(PANI-PTH-900) (onset and half-

wave potential values, 0.86V vs RHE, and 0.80V vs RHE) (Figure 4.84-a). This 

is a slight enhancement which may be attributed to the larger surface area and 

better exposure of active sites to the electrolyte. However, NSC(PANI-PTH-HF) 
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showed less positive onset potential than that of the benchmark Pt/C, which was 

expected (Figure 4.84-b). 

It is worth to noting that, etched sample obtained from PANI and PTH 

precursors was not able to reach the same performance as the one produced 

from PANI and PEDOT precursors. This difference in ORR performance of sulfur 

and nitrogen co-doped carbons from different precursors combinations is due to 

the variation in the content of dopants, structure, defects, and degrees of 

graphitization in the respective samples. The synergy among heteroatom co-

dopants and optimized morphology affects the final catalyst activity, and in this 

case, an optimum content of sulfur dopants was hard to achieve when using PTH 

as source of sulfur doped carbon. 

 

 

Figure 4.84-a) Comparison of CV curves of the samples NSC-SiO2- (PANI-PTH-

900), NSC-SiO2- (PANI-PTH-1000) and NSC(PANI-PTH-HF), and b) 

Comparison of the CV curves of NSC(PANI-PTH-HF) and Pt/C based catalyst. 
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4.10 Physical characterizations of boron doped carbon 

TEM images of boron doped carbon (BC-900) revealed spheres of near 

500 nm of diameter (Figure 4.85 a, b). In the case of sample BC-1000, the TEM 

images identified arm-like structures and apparently some spheres were joined 

by a neck, probably due to the connection of two adjacent carbon spheres during 

carbonization at 1000℃. (Figure 4.85 c, d) 

 

                    

 

  

Figure 4.85-a, b) TEM images of boron doped carbon spheres (sample BC-

900)and c, d) TEM images of boron doped carbon (sample BC-1000). 

 

Figure 4.86-a shows the XPS survey of the sample BC-900. The 

elemental content was measured about 82% carbon, 14% oxygen, and 4% boron. 

Figure 4.86-b shows the deconvolution of B 1s for BC2O at 193 eV, BCO2 at 
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195.3 eV, and BC3 at 192.3 eV [28],[32],[33] In the XPS spectra of O 1s, the 

peak at 531 eV was assigned to C=O/B-O and at peak 534.5 eV was assigned 

for O-H (Figure 4.86-c) [32]. In the XPS spectra of C 1s, the peak at 283.8 eV 

was assigned to B4C, the peak at 285 eV represents to C=C/ C-C (Figure 4.86-

d) [32].  

 XPS survey of sample BC-1000 showed 85% carbon, 13% oxygen, and 

2% boron (Figure 4.87-a,b) shows the XPS spectra of B 1s, where the peak at 

binding energy of 190 eV assigned to Sp2 B-C(53.1%) and the peak at 194 eV to 

BCO2 (46.9%) for sample BC-1000.  XPS spectra of O 1s shows two peaks for 

C=O/B-O (532.7 eV) and O-H (531.9 eV) (Figure 4.87-c), and XPS spectra of C 

1s showed the peaks at 284.6, 285.9, and 287.0 eV were assigned to B4C, 

C=O/B-O, and C=O/ C-O, respectively (Figure 4.87-b).  

Raman spectra was used to evaluate defect density of boron doped carbon 

materials (Figure 4.88-a). Two broad bands called D bands and G bands were 

identified at 1323 cm-1, and 1595 cm-1 (BC-900) and at 1331 cm-1 and 1588 cm-1 

(BC-1000), respectively. The G band is referred to ideal graphitic ordered sp2 

carbon, and the D band indicates defects. The ratio between intensity ID 

(disordered) and IG (ordered) bands is used to measure the degree of disorder in 

the boron doped material. [32] The ratio of ID/IG of sample BC-900 was 1.34 and 

of sample BC-1000 was 1.27, respectively. This indicates that the sample BC-

1000 has a lower ratio of ID/IG, suggesting the higher graphitic sp2
 carbon but 

lower defects. [32]-[33] In XRD diffraction pattern, (Figure 4.88-b), there are two 

main peaks at 24° and 45° corresponding to 002 and 100 planes of graphitic 

carbon. The peak intensity at 24o is slightly higher for BC-1000, might be due to 

increased crystallinity of carbon. [32], [34] 
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Figure 4.86-a) XPS survey of BC-900, b) XPS spectra of B 1s, c) XPS spectra 

of O 1s, and, d) XPS spectra of C 1s. 

 

 

Figure 4.87-a) XPS survey of BC-1000, b) XPS spectra of B 1s, c) XPS spectra 

of O 1s, and, d) XPS spectra of C 1s. 
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Figure 4.88-a) Raman spectra, b) XRD diffraction patterns for BC-900 and BC-

1000. 

 

CV curves of the sample BC-900 is presented in Figure 4.89-a, which 

shows onset potential at 0.78 V vs RHE and current density peak value of 1.2 

mA/cm2. In the LSV curves of the sample BC-900 (Figure 4.89-a) the curves 

present increase in current density with the RPM. The electron transfer number 

values of sample BC-900, calculated via Koutecky-Levich plot (Figure 4.90-a) at 

different respective potentials are found between 2.45 (0.2V vs RHE) and 2.20 

(0.5V vs RHE) (Figure 4.90-b). Ring and disk currents collected during LSV test 

of sample BC-900 are shown in (Figure 4.91-a), and corresponding average 

electron transfer number was calculated to be 2.6 (Figure 4.91-b). Peroxide 

production by the catalyst BC-900 was calculated at different potentials with 

average value of 52.3% (Figure 4.91-c), which is in conformity with the electron 

transfer number path near to 2 electrons, with production of intermediate peroxide 

compounds. 
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Figure 4.89-a) CV curves of BC-900 and b) LSV curves of BC-900. 

 

 

 

Figure 4.90-a) Koutecky-Levich of BC-900, b) Electron transfer number values 

of BC-900. 
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Figure 4.91-a) LSV curves collected at ring and disk of BC-900, b) 

Corresponding electron transfer number, and c) Peroxide production at different 

potentials. 

 

In the case of sample BC-1000, the CV and LSV curves showed onset 

potential value of 0.77 V vs RHE (Figure 4.92-a,b). The electron transfer number 

values of sample BC-1000, calculated via Koutecky-Levich plot (Figure 4.93-a) 

according to the respective potentials were found to between 2.2 (0.2V vs RHE), 

and 1.98 (0.5V vs RHE) (Figure 4.93-b). The current collected at ring and disk 

electrode (Figure 4.94-a) were used for calculating the electron transfer number 

at respective potentials, the average electron transfer number was near 2 (Figure 

4.94-b). The percentages of peroxide generation for sample BC-1000 were 

calculated, and found between 78% (0.2V vs RHE) and 66% (0.4V vs RHE), as 

shown in Figure 4.94-c. 
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Figure 4.92-a) CV curves of BC-1000 and b) LSV curves of BC-1000. 

 

 

Figure 4.93-a) Kouteck-Levich plot of BC-1000 and b) corresponding electron 

transfer number valuesof BC-1000. 
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Figure 4.94-a) LSV curves of ring and disk at 1600 RPM, b) Corresponding 

electron transfer number, and c) Peroxide production percentage at different 

potentials. 

 

 

4.11 Physical and electrochemical characterizations of boron and nitrogen 

co-doped carbon 

The morphological structures of the as prepared samples NBC-900 and 

NBC-1000 (derived from polymerization and carbonization of PANI onto boron 

doped carbon spheres (BC-900)) were investigated by TEM analysis, as shown 

in Figures 4.95-a, b. TEM images revealed agglomerated layers of carbon. The 

cores made of ‘boron doped carbon spheres’ did not work as the silicon nitrides 

and silicon dioxide core particles. Instead of obtaining a well-defined structure, 

the nitrogen and boron doped carbon materials do not have a specific 

morphology. It is possible that during the preparation process of nitrogen and 
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boron doped carbon, the structure has collapsed and agglomerated (Figures 

4.95-a, b).  

 

 

      

Figure 4.95-a, b) TEM images of NBC-900 and c) NBC-1000. 

 

Figure 4.96-a shows the XPS survey of samples NBC-900. Sample NBC-

900 presented the following contents of the elements, 82.2% carbon, 13% 

oxygen, 3% nitrogen, and 1.8% boron.  In the XPS spectra of B 1s, the binding 

energies 189.0 eV, 190.2 eV, 191.4 eV, and 192.7 eV are ascribed to the B-

C/BC2O, BN/BC2O, sp2 C-B-N, and B-O. [116]-[120] 

XPS spectra of B 1s of NBC-900 shows the peaks centered at 190.2 eV, 

191.35 eV, and 193 eV which were ascribed to the B-C (40%), BN/BC2O (31%), 

sp2C-B-N (19%) Figure 4.96-b. [120] N1s spectra of sample NBC-900 (Figure 

4.96-d) showed peaks at 400 eV, 399 eV and 398 eV corresponding to 6% 

quaternary-nitrogen, 47% pyrrolic-nitrogen and 50% pyridinic-nitrogen.  
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Figure 4.96-a) XPS survey of NBC-900, b) XPS spectra of B 1s, and c) XPS 

spectra of C1s and d) XPS spectra of N 1s. 

 

The XPS survey of NBC-1000 (Figure 4.97-a) shows the presence of 0.8% 

boron, 2% nitrogen, 14% oxygen and 83.2% carbon are incorporated into the 

carbon lattice. In Figure 4.97-b, B1s spectrum of sample NBC-1000 presents the 

peaks BC/BC2O at 191 eV, BN/BC2O at 193 eV and BO/B2O3 at 195 eV. The 

percentage of species in the B1s spectra of sample NBC-1000 was calculated to 

be 18% of BC/BC2O, 60% of BN/BC2O, and 22% BO. The XPS spectra of N1s 

(Figure 4.97-c) assigned the binding energies of 398.5 eV to pyrrolic-N (41%), 

and 400 eV to quaternary-N (59%).  
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Figure 4.97-a) XPS survey of NBC-1000, b) XPS spectra of B 1s, and c) XPS 

spectra of N 1s. 

 

Raman spectra (Figure 4.98-a) showed two characteristic peaks for D 

band and G band, with intensity ratio ID/IG of 1.37 for sample NBC-900 and 1.28 

for NBC-1000.The fact that both NBC-1000 and NBC-900 present higher ID/IG 

ratio values than the ID/IG ratio values of single boron doped carbon samples (BC-

900 is 1.34, BC-1000 is 1.26), is due to introduction of defects with simultaneous 

nitrogen and boron co-doping. XRD diffraction pattern (Figure 4.98-b) showed 

two broad peaks at 23° and 43°, which were assigned to 002 and 100 planes of 

graphitic carbon. [121]-[123]  
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Figure 4.98-a) XRD patters of NBC-900 and NBC-1000. b) Raman spectra of 

NBC-900 and NBC-1000. 

  

 

CV and LSV curves of sample NBC-900 showed the intense oxygen 

reduction peak in oxygen saturated 0.1 M KOH solution and onset potential at 

0.82 V vs RHE (Figure 4.99-a,b). The LSV shows that the values of current 

increases with increasing the rotating speed. The electron transfer numbers were 

calculated from the data of Koutecky-Levich plot (Figure 4.100-a). Figure 4.100-

b shows the electron transfer numbers with respective potentials as follows, 3.4 

(0.2V), 2.9 (0.3V), 2.5 (0.4V), 2.3 (0.5V), and 2.1(0.6V). Sample NBC-900 also 

presented good methanol poisoning resistance with no loss in terms of onset 

potential and current density after adding methanol into the 0.1 M KOH electrolyte 

during ORR (Figure 4.101-a). The chronoamperometric test shows the loss in 

current of about 18% after 12 h (Figure 4.101-b).   

 

        

Figure 4.99-a) CV curves of NBC-900 and b) LSV curves of NBC-900. 
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Figure 4.100-a) Koutecky-Levich plot of NBC-900 and b) corresponding electron 

transfer number values of NBC-900. 

 

 

      

Figure 4.101-a) Methanol poisoning test for NBC-900, and b) 

Chronoamperometric test of NBC-900. 

 

 

CV and LSV of sample NBC-1000 are presented in Figure 4.102-a,b. 

Sample NBC-1000 exhibited the oxygen reduction peak and an onset potential 

at  0.81 V vs RHE with 1.5 mA/cm2 current density. The electron transfer numbers 

were calculated by using Koutecky-Levich plot (Figure 4.103-a), and the electron 

transfer numbers were measured as follows 2.5 (0.2V), 2.5 (0.3V), 2.45 (0.4V), 

2.2 (0.5V) and 2 (0.6V) (Figure 4.103-b). 
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Figure 4.102-a) CV curve of NBC-1000 and b) LSV curves of NBC-1000. 

 

 

Figure 4.103-a) Koutecky-Levich plot of NBC-1000 and b) Corresponding 

electron transfer number values of NBC-1000. 

 

Figure 4.104 shows the comparative CV curves of samples BC-900, BC-

1000, NBC-900, NBC-1000, and benchmark Pt/C. Among the sample benchmark 

Pt/C shows better performance with most positive onset potential, which was 

expected. However, sample NBC-900 showed slight better ORR performance 

with onset potential of 0.82 V vs RHE among all the likewise prepared samples 

NBC-1000 (0.81 V vs RHE), BC-900 (0.78 V vs RHE), and BC-1000 (0.77 V vs 

RHE). The obtained performance, however, is comparable to that presented in 

several recently reported in literature. For example, nitrogen and boron carbon 

nano-onions from boric acid was reported with onset potential value of 0.78 V vs 

RHE and half wave potential value of 0.58 V vs RHE. [122] 

Boron and nitrogen doped carbon from plasma treatment of triphenyl 

borate showed onset potential value of -0.18 V vs Ag/AgCl, (which was 
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approximately 0.78-0.79V vs RHE), and electron transfer numbers were 

measured in the range of 3 to 2.5 with respect of increasing potential. This is 

similar to the trend observed in our samples. [123] In another work, Qiao and 

coworkers prepared boron doped graphene which showed onset potential of -

0.14 V vs Ag/AgCl (approximately 0.81 V vs RHE). [124]  

The catalytic activity of our as-synthesized boron and nitrogen co-doped 

carbon materials is inferior when compared to the best PT/C catalyst. However, 

the catalytic activity of our boron and nitrogen co-doped carbon catalysts is 

consistent with that reported in earlier works that produced similar materials. 

[123]- [124] 

 

 

Figure 4.104- Comparison of CV curves of BC-900, BC-1000, NBC-900, NBC-

1000, and Pt/C. 
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5 CONCLUSIONS 

5.1 Specific conclusion about the work using silicon nitride, silicon dioxide, 

polyaniline and poly(3,4-ethylene-dioxythiophene) 

In summary, we have synthesized a range of carbon materials with single 

and co-doped heteroatoms, using PANI and PEDOT precursors coated on Si3N4 

and SiO2 nanospheres followed by the carbonization process. 

Nitrogen doped carbon coated on Si3N4 nanospheres and sulfur and 

nitrogen co-doped carbon coated Si3N4 nanospheres were prepared through 

sequential polymerization of aniline and EDOT monomers. The resulting carbon 

catalysts showed coral-like morphological structures with excellent 

electrocatalytic ORR properties. The nitrogen doped carbon coated on Si3N4 

nanospheres exhibited the onset potential of 0.90 V vs RHE.  

To the best of our knowledge, this was the first ever attempt to use Si3N4 

nanospheres (20 nm) as core to produce coral-like doped carbon electrocatalyst 

for ORR. The Si3N4 nanospheres not only provided support to obtain coral-like 

structure of carbon but also indirectly provide high nitrogen content to catalyst 

material. Interestingly, even after the second polymerization step of EDOT 

followed by pyrolysis, the Si3N4 nanospheres remained coral-like nanostructure. 

The optimum presence of pyridinic, pyrrolic and quaternary-nitrogen species, 

ultimately contributed to the excellent performance of the nitrogen doped carbon 

samples. The sulfur and nitrogen co-doped carbon coated Si3N4 nanospheres 

showed excellent ORR activity achieving onset potential of 0.91 V vs RHE, 

benefitting from the synergy of co-doping effect.  

In another work, the SiO2 nanospheres were coated by aniline and EDOT 

monomers via polymerization and carbonized to construct nitrogen doped 

carbon, sulfur doped carbon, and nitrogen and sulfur co-doped carbon. The 

alternating sequence of aniline and EDOT coating on SiO2 were also made in 

order to test their effect in catalysis performance. 

Nitrogen and sulfur co-doped carbon coated on SiO2 materials presented 

more positive onset potential, and current density, than the mono sulfur or 
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nitrogen doped carbon counterparts. This is attributed to the synergy between the 

N and S dopants.   

In addition, the alternate sequence of PANI and PEDOT coating (NSC-900 

and SNC-900) also caused different catalytic performance, when the outer 

coating was constituted by nitrogen doped carbon (from PANI) showed better 

ORR performance than the outer coating constituted by sulfur doped carbon 

(from PEDOT). Thus, highlighting that the synthetic route and sequence of 

polymerization plays an important role when combining polymer precursors to 

obtain co-doped carbon nanocatalyst.  

Furthermore, the as-synthesized samples were subjected to HF etching to 

remove SiO2 core from the carbon materials and tested for ORR electrocatalysis. 

After etching, the nitrogen and sulfur co-doped carbon catalysts (NSC-HF) 

showed the best ORR performance by achieving the onset potential 0.94 V vs 

RHE very close to the benchmark Pt/C catalyst (0.99 V vs RHE). This indicates   

that the SiO2 does not contribute to catalytic performance, the ORR activity is 

merely originated from the nitrogen and sulfur co-doped carbon. The overall 

catalytic performance can be attributed to the high surface area, porous 

structured material, and the synergy of dual dopants.  

Taking into consideration the importance of the electron transfer number 

values for evaluation of the catalyst materials activity towards ORR, we present 

in Figure 5.1 the electron transfer number values according to the respective 

potentials for the samples NC-14-900-20, NC-14-1000-20, SNC, NC-900, NSC-

900, NSC-HF, SNC-900, SNC-HF, SC-900 and SC-1000. The respective 

synthetic routes for each one of the samples are found in this Dissertation. 
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Figure 5.1- Electron transfer number values according to the potentials. 

 

 

5.2 Specific conclusion about the work using silicon dioxide nanospheres, 

polyaniline and polythiophene 

In this section of the work, the nitrogen and sulfur co-doped carbon 

nanomaterials were prepared using the precursors PANI and PTH followed by 

carbonization.  

Herein, the synthesis of polyaniline was carried out via a simple oxidative 

polymerization in the presence of the sulfur doped carbon coated silicon dioxide 

(prepared from PTH). The co-doped samples were named as NSC-SiO2-(PANI-

PTH-900) and NSC-SiO2- (PANI-PTH-1000) and showed relatively fair onset 

potential values of 0.88 V vs RHE, and 0.86 V vs RHE.  

 Via a second step of etching the samples, the material was turned into 

nitrogen and sulfur co-doped carbon, denoted as NSC-PTH-PANI-HF, which 

presented onset potential 0.9 V vs RHE. In fact, the nitrogen and sulfur co-doped 

material presented more positive value of onset potential than the sulfur doped 

carbon (0.79 V vs RHE).  
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5.3 Specific conclusion about the work using boric acid, sucrose and 

polyaniline 

In this part of work, boron doped carbon materials (BC-900 and BC-1000) 

were prepared from hydrothermal method using sucrose and boric acid as 

precursors, followed by carbonization. The samples showed onset potential of 

0.79 V vs RHE (BC-900) and 0.77 V vs RHE (BC-1000). Then, nitrogen and boron 

co-doped carbon samples were prepared using boron doped carbon spheres 

(BC-900) coated with PANI, followed by carbonization at 900℃ and 1000℃. The 

nitrogen and boron co-doped carbon NBC-900 and NBC-1000 showed an onset 

potential of 0.82 V vs RHE and 0.81 V vs RHE, respectively. Overall, boron and 

nitrogen co-doped samples presented slightly more positive onset potential than 

that of boron doped carbon.  

 Figure 5.2 presents the values of electron transfer number calculated to 

each one of the potentials for the samples NSC-SiO2-(PANI-PTH-900), NSC-

SiO2- (PANI-PTH-1000) NSC-(PANI-PTH-HF), BC-900, BC-1000, NBC-900 and 

NBC-1000. 

 

 

 

Figure 5.2- Electron transfer number values according to the potentials. 
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5.4 Specific considerations about hydrofluoric acid waste residues 

treatment 

Hydrofluoric acid is considered a hazardous chemical and the treatment of 

its waste residues is very important to avoid environmental health problems. 

There are different strategies for treating water containing hydrofluoric acid 

waste residues, such as chemical coagulation with polyaluminum chlorides or 

aluminum sulfates [125]; precipitation using calcium salts [126–128]; 

electrocoagulation [129,130]; reverse osmosis [131,132]; ion exchange 

[133,134]; and membranes for microfiltration, nanofiltration and ultrafiltration. 

[135] 

Lin et al proposed the treatment of hydrofluoric acid waste water by ion 

exchange process consisting of two ion exchange and two regeneration steps. 

They used strong base anionic and strong acid cationic resins through a 

continuous operation system. As a result of their treatment, the wasted 

hydrofluoric acid was recovered and ready to be reused. The recovered 

hydrofluoric acid could also be converted into high purity calcium fluoride by 

calcium chloride. [134] 

 Chung and coworkers have studied the treatment of hydrofluoric acid 

waste water from semiconductor manufacturing facilities in Korea, and proposed 

three methods: coagulation, ion exchange and reverse osmosis.  They found that 

the reverse osmose method affected effectively the quality of resulting water. In 

terms of reverse osmose treatment, they pointed out that the polyamide 

membranes were superior and more cost effective in reverse osmose when 

compared with cellulose acetate membranes. [135]  

The treatment of hydrofluoric acid containing waste water is very important 

to avoid environmental contamination. The recovery of the acid in pilot scale for 

reuse can provide economic and environmental solutions as mentioned in 

literature, and seems an alternative when large amounts of hydrofluoric acid are 

used. [134]-[135] All residues from hydrofluoric acid produced during our 

research were properly stored and treated by the environmental health and safety 

department at Case Western Reserve University. 
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5.5 Final concluding remarks  

The overall summary of this research work shows the preparation of mono 

and co-doped carbon nanomaterials and their electrocatalytic activity toward 

oxygen reduction reaction in alkaline medium. These materials may have other 

applications but in terms of fuel cells devices, they have been tested and specially 

designed to work in alkaline environment such as in Alkaline fuel cells. 

 Herein, we successfully synthesized mono (nitrogen/or sulfur) and co-

doped (nitrogen and sulfur) carbon catalysts from the precursors of polyaniline, 

poly(3,4-ethylenedioxythiophene), and polythiophene using silicon dioxide and 

silicon nitride as templates. The as synthesized materials were characterized by 

TEM, SEM, XRD, Raman, XPS, and BET and electrochemical techniques such 

as CV and LSV. 

We found that the alteration in synthesis process of materials in terms of 

the selection of carbon source (conductive polymers), polymerization, templates, 

and carbonization temperature play critical role in morphological structure and 

electrocatalytic properties of the final material. For example, the silicon nitride 

templates with PANI resulted in coral-like structure after carbonization while the 

silicon dioxide with PANI resulted in spherical core-shell structures under the 

same synthesis conditions. With respect to the electrocatalytic performances, the 

coral-like nitrogen doped carbon showed better oxygen reduction reaction activity 

than the spherical core-shell structured carbon catalysts. The good ORR 

performance of coral-like structured carbon catalyst could be associated with 

higher surface area, abundant mesoporous, and high nitrogen content. 

The synthesized nitrogen and sulfur co-doped carbon catalyst 

demonstrated better catalytic properties than that of the nitrogen/or sulfur 

heteroatom doped-carbon catalysts. This behavior of co-doped carbon catalyst 

was attributed to the synergistic effect of dual doping agents and the regulation 

in the electronic structure of neighboring carbon atoms that promote facile 

adsorption of oxygen molecules on the active sites.   

The nitrogen doped carbon showed the onset potential in the range of 

0.87-0.90 V vs RHE. Sulfur doped carbon catalysts showed the onset potential in 

the range of 0.75-0.82 V vs RHE. 
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Most importantly, compared to the onset potential of the benchmark Pt/C 

(1 V vs RHE), our nitrogen and sulfur co-doped carbon material showed the onset 

potential in the range of 0.91 - 0.94 V vs RHE, which is extremely impressive. 

However, boron and nitrogen co-doped carbon exhibited slightly less 

positive onset potential between the range of 0.78 V - 0.81 V vs RHE than that of 

the nitrogen and sulfur co-doped carbon.  

We believe that our research work presents useful synthetic methods for 

the preparation of doped and co-doped carbon nanomaterials from conductive 

polymers towards ORR electrocatalysis in alkaline medium.    
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6 FUTURE WORKS 

 

Energy is the central part of the global debate due to the drastic changes 

in the environment and industrial dissemination. Alternative ways of energy 

production are receiving considerable interest in order to reduce the dependence 

on conventional fossil fuel and limiting greenhouse gas emissions. Several 

countries in recent years have made policies in place to cut off large part of 

conventional fossil fuel by 2030 and encouraged the use of clean renewable 

systems such as fuel cell and metal air batteries in new energy vehicles. [136] 

However, such renewable energy systems are several years behind in terms of 

maturity.[137] 

Beyond oxygen reduction reaction, intensive research efforts in 

preparation of electrocatalysts for methanol/ethanol oxidation, carbon dioxide 

reduction, nitrogen reduction, oxygen evolution and hydrogen evolution, have 

been devoted to unravel the fundamental catalytic mechanism. These reactions 

are the core of new renewable technologies and devices for sustainable energy 

production.  

This research work on carbon nanomaterials derived from conductive 

polymers for ORR electrocatalysis, inspires us to pursue these catalyst materials 

in other electrochemical reactions. 

For future work, we aim the development of new electrocatalyst 

nanomaterials from different polymer precursors via similar synthetic strategies.  
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APPENDIX 

 

Supplementary linear sweep voltammetry curves. 

 

Figure A - 1) Supplementary linear sweep voltammetry curves of NC-14-900-20,  

2) supplementary linear sweep voltammetry curves of NC-14-1000-20. 

 

Figure B - 1) Supplementary linear sweep voltammetry curves of SNC, 2) 

supplementary linear sweep voltammetry curves of NC-900. 
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Figure C - 1) Supplementary linear sweep voltammetry curves of NSC-900, 

 2) supplementary linear sweep voltammetry curves of NSC-HF. 

 

 

Figure D- 1) Supplementary linear sweep voltammetry curves of SNC-SiO2-900, 

2) supplementary linear sweep voltammetry curves of SNC-HF. 
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Table A - Physical and electrochemical characterizations of samples NC-14-900-

20, NC-14-1000-20, and SNC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Core  Polymer  
Carb. 
Temp. 

Elem. 
Comp. N-species C-species 

S-
species 

Surface 
area   

m
2

 g
-1

 

H-W  
pot. 
(Vvs 
RHE) 

Onset 
pot.(V 
vs RHE)  n 

            

NC-14-
900-20 Si

3
N

4
 PANI 900 

O:33.4%, 
C :26.6%, 
 Si :21.3%, 
 N:18.4%                                                                                                                

Pyridinic-
N:70.4% 

Pyrrolic-N: 29%  

C=C(Sp2):57.7%,  
C-N/C-C (Sp3) 
:25.8%, 
C-O :16.5%  403 0.85 0.9 3.4 

NC-14-
1000-20 Si

3
N

4
 PANI 1000 

O:34%,  
C:27%, 
 Si: 22%, 
N:16.8% 

Pyridinic:20.5%  
Pyrrolic-N: 
79.5% 

-C-O- :17.8%,C-N 
/C-C:29.6%,  
C=C(Sp2):52.57%   420 0.82 0.89 3 

SNC Si
3
N

4
 

PEDOT 
+ PANI 900 

O:18% 
C:52%, 
N:13%, 
S:less <1% 

Si:16% 

Pyrrolic-
N:58.3%, 
Pyridine-
N:33.5%, 
Quatern. -
N:8.2% 

C=O/C-O :28, 
C-N / 
C-C(Sp3):17%, 
C=C/C-
C(Sp2):60% 

C-
S:32%, 
C=S:29% 

 Oxid.-S 
(39%)  0.84 0.9 3.3 
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Table B – Physical and electrochemical characterizations of diverse samples 

(SiO2). 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Core Pol. 
Carb. 
Temp. Elem. Comp. N C S  

HW
P OP n 

NC-900 SiO
2
 PANI 900 

N:6.2%,  O:6%,  
C:86.80% 

Si:1% 

Pyrr.-
N:23%,      
Quarter.-
N:72%   
Oxid.-N:5% 

-C=C-:75.8% 

-C-C-:24.2   0.83 

0.87-
0.89 3     

SNC-900 SiO
2
 

PEDOT
/PANI 900 

N:4.2%,C:59% 

O:46%,S:3.4% 

Si:8.1% 

Pyrid.-
N:15%,  
Pyrr.-
N:11%,  
Quarter.-
N:74%   

C-C:31% 

C=C:58% 

O-C:11% 

C-
S/C=S:
82% 

Oxid-
S:18%  

                              
0.80 

0.88-
0.89 

         
3 

SNC-HF        

PEDOT
/PANI 900 

N:3% C:87% 

O:6%.S:4% 

Pyrr.-
N:11%, 
 Quarter.-
N:68.5%  
Oxid.-
N:19.7% 

C-C:33% 

C=C:53.4% 

O-C:13.6% 

S/C=S:
74.5% 

Oxid-
S:25.5
%  .81 

0.91-
0.93 3.6 

SC-900 SiO
2
 

PEDOT
/PANI 900 

Si:18.6%, 
S:1.1%, 
O:19.5%,  
:70.8%  

C=C:71.2% 

C-C:17.3% 

C-O:11.5% 

-S-C/-
S=C:99
% 

Oxi-
S:1%                                     

                                          
                                 
0.7 

                                                      
0.80-
0.81 2.7 

NSC-900 SiO
2
 

PEDOT
/PANI 900 

N:2.2%, S:1%,  
O:12.9%, C:70% 

Si:13.5% 

Pyrid.-
N:15.2% 

Pyrr.-N 
:21% 

Quatern. 
:63.8 

C-C:35.6% 

C=C:64.4% 

C-
S/C=S:
96% 

Oxid-
S:4%  0.83 

0.89-
0.91 3.5 
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Table C –Physical and electrochemical characterizations of samples BC-900, 

BC-1000, NBC-900 and NBC-1000. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Samp. Precursors 
Carb. 
Temp. 

Elem. 
Comp. N-species C-species B-species HWP OP n 

BC-
900 

Sucrose, 
boric acid 900 

B: 3 % 
C: 82% 
O: 15%  

B4C:50% 

C=C: 
37.4% 

C=O:12.6% 

BCO 
2
:62%,  

BC
2
O: 25.4%, 

 B-O:12.6% 0.7 0.78 2.3 

BC-
1000 

Sucrose, 
boric acid 1000 

B: 2 %; 
C: 85% 
O: 13%  

B4C:50.5% 

C=C: 
36.1% 

C=O:13.4% 

BCO
2
: 51.4%, 

 sp2 C-
B:48.6% 0.7 0.77 2.2 

NBC-
900 

PANI, 
Sucrose, 
boric acid 
  900 

B:1.8%; 
C: 
82.2% 
O:13 % 
N: 3% 

Pyrrolic-
N:37% 
Pyridinic-
N:41%. 
Quaternary-
N:22%   

B4C:48% 

C-C: 38.5% 

C=O:13.5 
  

B-C :40%,  
BN/BC

2
O: 

31%, 
 sp2 C-B-
N:19%  0.75 0.82 2.6 

NBC-
1000 

PANI, 
Sucrose, 
boric acid         
  1000 

B:0.8 % 
C: 
83.2% 
O: 15% 
N: 2% 

Pyrrolic-
N:49.66%. 
Pyridinic-
N:25%. 
Quatern.-
N:25.34%   

B4C:53.7% 

C-C:34.8% 

C=O:11.4%  

B-
C/BC

2
O:18%  

BN/BC
2
O:60%  

sp2 C-B-
N:22% 0.72 0.81 2.5 


