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Abstract 

In this work, it is shown that novel heteroatoms-doped (nitrogen -N- and sulfur -S-) Ordered 

Mesoporous Carbon Spheres (OMCHS) promote the Oxygen Reduction Reaction (ORR) in 

alkaline media. 

In the first section of this work, N-doped OMCHS are synthesized using two different sources: 

i) 2-pyriridnecarboxaldehyde; (N1-OMCHS), and ii) pyrrole (N2-OMCHS). The 

electrochemical characterization for the ORR shows the highest catalytic activity of N2-

OMCHS in terms of onset potential (Eonset = 0.88 V), half-wave potential (E½ = 0.82 V), 

percentage of hydroperoxyl ion produced (%HO2
- = 3.8%), and electron transfer number (n = 

3.92). Evaluation of their stability by accelerated degradation test (ADT) indicates that the 

performance of N1-OMCHS shows a better stability compared to N2-OMCHS. The high 

stability towards the ORR is ascribed to the chemical modification of N species on the surface 

of the N-doped OMCHS. 

The second section involves doping OMCHS with S and co-doping with S and N using: i) 2-

thiophenemethanol (S-OMCHS); ii) 2-pyridinecarboxaldehyde/2-thiophenemethanol (N1-S-

OMCHS); and iii) pyrrole/2thiophenemethanol (N2-S-OMCHS). S-OMCHS shows a higher 

performance for the ORR (Eonset = 0.88 V, E½ = 0.81 V, HO2
- yield= 2.8%, and n= 3.95) than 

N1-S-OMCHS and N2-S-OMCHS. Moreover, it is observed that the performance of S-OMCHS 

and N1-S-OMCHS improved after ADT. However, the three electrocatalysts show a high 

stability. Analysis of the chemical surface composition of the S-OMCHS, N1-S-OMCHS and 

N2-S-OMCHS demonstrates that interaction between nitrogen and sulfur species improve their 

catalytic activity towards the ORR. 

In the third stage, a novel model of resorcinol-formaldehyde (R-F) polymer is designed from 

the saturation of α and β resorcinol phases with formaldehyde molecules. The X-ray diffraction 

(XRD) patterns of the experimental RF polymers show a change form crystalline to amorphous 

structures, which is in good agreement with the theoretically obtained patterns. The similarities 

between the experimental and theoretical patterns provide the certainty that the proposed models 

are correctly proposed, allowing for the theoretical evaluation of the ORR at OMCHS in the 

future.
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Resumen 

En el presente trabajo se muestran novedosas Esferas Huecas de Carbono Mesoporoso 

Ordenado (OMCHS, por sus siglas en inglés) dopadas con heteroátomos (nitrógeno -N- y azufre 

-S-) promueven la Reacción de Reducción de Oxígeno (RRO) en medio alcalino. 

En la primera etapa de este trabajo, OMCHS dopadas con N se sintetizan usando dos fuentes de 

nitrógeno: i) 2-piridincarboxaldehído (N1-OMCHS), y ii) pirrol (N2-OMCHS). La 

caracterización electroquímica para la RRO muestra que N2-OMCHS tiene una actividad 

catalítica más alta en términos de potencial de inicio (Eonset = 0.88 V), potencial de media onda 

(E½ = 0.82 V), porcentaje de ion hidroperóxido producido (%HO2
- = 3.8%), y número de 

electrones transferidos (n = 3.92). La evaluación de su estabilidad mediante una prueba de 

degradación acelerada (ADT) indica que el desempeño de N1-OMCHS y N2-OMCHS mejora, 

comparando con su comportamiento antes de la prueba. En este sentido, N1-OMCHS tiene una 

mejor estabilidad en relación con N2-OMCHS. La alta estabilidad hacia la RRO se atribuye a 

la modificación química de especies de N en la superficie de las OMCHS dopadas con nitrógeno. 

La segunda etapa consiste en dopar OMCHS con S y co-dopar con S y N usando: i) 2-

tiofenometanol (S-OMCHS); ii) 2-piridincarboxaldehido/2-tiofenometanol (N1-S-OMCHS) y 

iii) pirrol/2-tiofenometanol (N2-S-OMCHS). S-OMCHS muestra el mejor desempeño para la 

RRO (Eonset = 0.88 V, E½ = 0.81 V, %HO2
- = 2.8%, y n = 3.95) en comparación con N1-S-

OMCHS y N2-S-OMCHS. Además, se observa que el desempeño de S-OMCHS y N1-S-

OMCHS mejora después de ADT. Sin embargo, los tres electrocatalizadores tienen una 

estabilidad. El análisis de la composición de la química de superficie de S-OMCHS, N1-S-

OMCHS y N2-S-OMCHS muestran que interacciones entre los átomos de nitrógeno y azufre 

mejoran su actividad catalítica para la RRO. 

En la tercera etapa, se diseña un modelo novedoso del polímero resorcinol-formaldehído (R-F) 

a partir de la saturación de las fases α y β del resorcinol con moléculas de formaldehído. Los 

patrones de difracción de rayos X (XRD, por sus siglas en inglés) experimentales de los 

polímeros de RF muestran un cambio de estructura cristalina a amorfa, que concuerda con los 

patrones obtenidos teóricamente. Las similitudes entre los patrones experimentales y teóricos 

brindan la certeza de que los modelos son correctamente propuestos, lo que permitiría evaluar 

teóricamente en un futuro la RRO en OMHCS. 
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Introduction 

The increasing demand for clean energy has generated worldwide research efforts to develop 

high-performing, inexpensive, and environmentally friendly electrochemical devices for energy 

generation [1]. 

 

Anion Exchange Membrane Fuel Cells (AEMFCs) are a technology that satisfies such goals. 

These systems can generate electricity from several fuels such as H2 or alcohols with higher 

efficiency than traditional energy systems. Unfortunately, AEMFCs have two important 

drawbacks: i) the chemical composition of the anode and cathode electrodes, which in most 

cases requires the use of expensive and low earth-abundant noble metal electrocatalysts (e.g., 

Pt), which limits the fuel cell large-scale production, and ii) the slow kinetics of the Oxygen 

Reduction Reaction (ORR), which takes place at the cathode, limiting the performance of the 

fuel cell [2–4]. 

 

Usually, the cathode electrocatalysts are made of Pt supported on Vulcan (Pt/C), which is the 

most active material for the ORR. However, as mentioned above, efforts are being made to 

replace or limit the use of Pt/C, aiming to reduce the production costs of AEMFCs [5]. 

Therefore, the search for electrocatalysts with similar catalytic activity than Pt/C, without its 

limitations, is one of the most challenging topics in fuel cell research. 

 

One of the most promising alternatives to replace Pt/C is the development of Metal-free cathode 

electrocatalysts. They are typically carbon-based materials (e.g., graphene, carbon nanotubes, 

carbon nanoparticles, carbon spheres, and nanoporous carbons, etc.) doped with heteroatoms 

(e.g., B, S, N, P, etc.), which sometimes approaches the catalytic activity of Pt/C for the ORR 

[6–8]. 

 

Some of the advantages of metal-free electrocatalysts are: i) tailorable surface chemistry, ii) 

lower cost than Pt/C, iii) suitable structural characteristics, iv) high electronic conductivity, and 

v) high surface area [9–11]. Moreover, their catalytic activity for the ORR can be improved by 

substitutionally doping them with heteroatoms. Nevertheless, their performance still need to be 

improved on order to replace Pt/C and propose the production of Pt-free AEMFCs on a large 

scale basis [11]. 



 

 
2 

 

 

Metal-free electrocatalysts are currently the subject of debate because the reaction mechanism 

of the ORR at their surface has not yet been fully clarified. In the case of N-doped carbon metal-

free electrocatalysts, it has been suggested that nitrogen atoms induce oxygen chemisorption in 

adjacent carbon atoms which facilitates the cleavage of O-O bonds in O2 molecules [12]. 

Analogous to nitrogen, sulfur atoms induce strain and stress to the sp2 carbon lattice, modifying 

the charge distribution of the neighboring carbon atoms, which facilitates oxygen chemisorption 

promoting the ORR [4, 10]. 

 

There are few reports on the development of N, S-co-doped carbon metal-free electrocatalysts 

that show superior electrocatalytic activity compared to carbons doped with a single heteroatom. 

The enhanced catalytic activity of co-doped electrocatalysts has been ascribed to, a combined 

effect of both heteroatoms which facilitates the adsorption and bond cleavage of oxygen 

molecules [13]. 

 

In this context, high surface area Ordered Mesoporous Carbon Hollow Spheres (OMCHS) have 

gained considerable attention since these structures can be easily doped with heteroatoms. Their 

morphology is such that the shell is mesoporous in nature, with large internal cavities. These 

chemical, structural, and textural properties make them suitable as highly active electrocatalysts 

for the ORR [14, 15]. 

 

Meanwhile, OMCHS synthesized from resorcinol and formaldehyde have recently stood out 

because they are used in application such as energy storage, electromagnetic interference 

devices, antibacterial, and ablative process, among other, due to their electrical and textural 

properties, and they can adopt a three-dimensional architecture [16–21]. 

 

In this regard, chemical computational methods can be useful tools to propose models that help 

clarify the behavior of metal- free electrocatalysts [22, 23]. Therefore, it is necessary to generate 

models of resorcinol-formaldehyde based materials that allow to explain or predict their 

behavior, focusing particularly on their use as electrocatalysts for the ORR. 

 

This thesis focuses on the development of heteroatoms-doped OMCHS, which are evaluated as 

cathode electrocatalysts for the ORR. In the first part, the catalytic activity N-doped OMCHS 
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for the ORR, along with their electrochemical stability after an accelerated degradation test 

(ADT), is evaluated in alkaline media. Changes in their surface chemistry after ADT have also 

been analyzed, aiming to propose a correlation with their electrochemical behavior. 

 

In the second part, the catalytic activity for the ORR and electrochemical stability after ADT of 

S-doped and N-S co-doped OMCHS have been evaluated also in alkaline media. Like the 

previous electrocatalysts, modification of their surface chemical composition after ADT have 

been analyzed as well. The application of N and S as co-dopants is of particular interest, to 

evaluate if this approach is an effective strategy to enhance the catalytic activity of OMCHS for 

the ORR. 

 

In last chapter, a novel theoretical model of resorcinol-formaldehyde reactions is developed. 

The goal is to propose a model having a behavior like resorcinol-formaldehyde materials 

synthesized in our Laboratory. The model can serve as the basis for the theoretical study of the 

surface of the heteroatoms-doped OMCHS, with a broader objective of performing subsequent 

DFT studies.  
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CHAPTER I.   

Background 

The increase in electricity demand has provoked changes in the cultural and social behaviour of 

the population in many countries because it is fundamental for modern, growing economies. 

Two-thirds of the energy produced by electricity generation systems (EGS) are used to meet 

transport, commercial and industrial activities, heating, and cooling demands, which represents 

70% of total energy-related greenhouse gas (GHG) emission [1–3]. 

 

Consequently, GHG reduction has become a central topic in EGS, because it is where 

decarbonization can be achieved at an acceptable rate [4]. In addition, energy policies that 

promote the decarbonization, production, and storage of electricity from renewable and clean 

sources with low/zero GHG emissions are required [5]. Thus, worldwide research groups have 

focused their efforts on the development of more efficient and sustainable systems for the 

production and distribution of electric power [6]. One of the most promising technologies for 

sustainable energy production is that of fuel cells. 

 

1.1. Fuel Cells 

Fuel cells are devices that directly convert fuel into electrical energy with low/zero GHG 

emissions through electrochemical reactions [7]. A general classification of fuel cells can be 

made based on their electrolyte: Solid Oxide Fuel Cell (SOFC), Phosphoric Acid Fuel Cell 

(PAFC), Molten Carbonate Fuel Cell (MCFC), Proton Exchange Membrane Fuel Cell 

(PEMFC), and Alkaline Fuel Cell (AFC)[8]. 

 

AFCs have several advantages over other technologies. For example, the Oxygen Reduction 

Reaction (ORR) kinetics is faster in alkaline media than in acid media, and noble metal 

electrocatalysts are not necessary to promote it at the cathode. However, earlier AFCs used an 

asbestos matrix impregnated with KOH as the electrolyte, forming solid deposits of potassium 

carbonates on the electrodes when CO2-containing gases are used as fuel, decreasing drastically 

the catalytic activity of the electrocatalysts [9]. Recently, alkaline polymer membranes have 

been developed which avoid the use of KOH and its disadvantages while maintaining the 
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benefits of AFCs, causing the rapid development of Anion Exchange Membrane Fuel Cell 

(AEMFC) [10]. 

 

1.1.1. Anion Exchange Membrane Fuel Cells (AEMFCs) 

AEMFCs is constituted by three main components: i) anode, where the oxidation of H2 (or other 

fuels) is carried out, ii) cathode, where the ORR takes place, and iii) anion exchange membrane 

(AEM, electrolyte), which plays a double role, transporting OH- from the cathode to the anode 

while acting as a separator of the electrodes avoiding the mixing of the reactants, as seen in Fig. 

1.1 [11]. 

 

An additional element of AEMFCs is anode and cathode Gas Diffusion Layers (GDL) that 

provide support for the electrocatalysts layer and mechanical structure for the electrode. The 

GDL acts as a reactants/products transport channel, an electric current collector, and an electrons 

transporter to the current conductor [12, 13]. 

 

 

Fig. 1.1. Scheme representation of an AEMFC [14]. 

 

AEMFCs operation starts with OH- ions generated at the cathode, crossing the AEM to the 

anode electrocatalyst layer where the anode flow channel feeds with humidified H2 to the anode 

GDL/electrocatalyst layer where the H2 undergoes an oxidation reaction to produce H2O 

molecules and electrons. The anodic reaction is: 
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H2 + 2OH− → 2H2O + 2e−   E° = -0.83 V 

 

The electrons then go over through the anode GDL by an external circuit to the cathode GDL 

and electrocatalyst layer where humidified oxygen supplied by the cathode flow channel is 

transported through the cathode GDL where it is reduced in presence of water at the 

electrocatalysts layer to produce OH- ions. The cathodic reaction is: 

 

O2 + 2H2O + 4e− → 4OH−   E° = 0.40 V 

 

Then, the generated OH- ions are conducted through the AEM for the Hydrogen Oxidation 

Reaction (HOR), closing the operation cycle. Therefore, the overall reaction at AEMFCs is 

expressed as follow [15, 16]: 

 

2H2 + O2 → 2H2O          E° = 1.23 V 

 

Hence, AEMFCs are attractive systems because, non-Pt electrocatalysts (e.g., inorganic oxides 

or metal-free electrocatalysts) can be used, at either the anode, the cathode, or both, weaker 

corrosion, and faster ORR kinetics [14, 17]. The ORR is critical for fuel cells because it 

dominates the overall performances [18, 19]. 

 

The ORR is kinetically sluggish than the HOR at the anode which requires an overpotential to 

overcome the kinetics barrier, so the energy efficiency is considerably reduced, thus limiting the 

commercialization of these electrochemical devices [19, 20]. For this reason, the development 

of electrocatalysts with high catalytic activity for the ORR is of high relevance. The ORR can 

occur in both acid and alkaline media via two mechanisms. In alkaline media, the 

electrochemical reactions are [21, 22]: 

 

i) the transfer of 4 e-:   O2 + 2H2O + 4e− → 4OH−            E° =  0.401 V 

ii) the transfer of 2 e-:   O2 + H2O + 2e− → HO2
− + OH−           E° = -0.065 V 

     HO2
− + H2O + 2e− → 3OH−            E° =   0.867 V 

 

The 4e- pathway is preferable in fuel cell cathodes because the direct reduction of O2 molecules 

to HO- occurs without the formation of chemical intermediates. Meanwhile, the 2e- pathway 

produces the hydroperoxyl ion (HO2
-) which is an undesired intermediate because it decreases 

the catalytic activity of cathode electrocatalysts and damages the membrane promoting the 
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crossover effect. Therefore, electrocatalysts can promoter the ORR by one of these mechanisms 

or a combination of both, which depends on several of their properties and the pH of the 

electrolyte [23]. 

 

Pt/C is considered the best electrocatalyst for the ORR due to its high catalytic activity because 

it promotes the 4 e- pathway during the reaction. Its high performance is attributed to its high 

enough binding energy to adsorb oxygen molecules and weakly enough to desorb the reaction 

products (e.g., OH- species) [24]. 

 

However, Pt has a high cost because of its scarcity, low tolerance to CO and CO2 contained in 

low purity H2, poor stability, and detrimental environmental effects. Moreover, it has shown a 

lower catalytic activity for the ORR in alkaline media compared to acid electrolytes [25–29]. 

There are different alternatives to reduce or replace Pt/C in fuel cell cathodes, such as the use of 

cheaper noble metals, Pt-transition metals alloys, Pt-metal oxides compounds, non-noble metal 

oxides, perovskites, spinel-like materials, and metal-free electrocatalysts [30–34]. 

 

1.2. Electrocatalytic activity of metal-free electrocatalysts for the ORR 

Over the past years, metal-free electrocatalysts (carbon-based materials) have been developed, 

having the objective of being a feasible alternative to replace Pt/C. Pristine carbon-based 

materials are ORR inactive, meaning they are unable to adsorb O2 molecules or ORR 

intermediates. However, different strategies have been proposed to turn the metal-free 

electrocatalysts into ORR active: i) chemical doping (heteroatoms integration to sp2 matrix 

carbon), ii) physical intermolecular charge transfer (physical adsorption polyelectrolyte chain 

onto carbon), and iii) structural defects (formation of an armchair and zigzag edges or pentagon 

rings at matrix carbon)[35–38]. 

 

Metal-free electrocatalysts always have defects and/or structural disorders at the edge or over 

the surface. These defects in carbon nanomaterials can be divided into two groups: i) the intrinsic 

defects (carbon atoms rearrangement) and ii) the extrinsic defects (induced by heteroatoms 

and/or metal atoms dopants) [39–41]. 

 

The intrinsic defects in metal-free electrocatalysts include edge defects (armchair and zigzag), 

point defects (vacancies, holes, and voids), line defects (dislocation, grains boundaries), some 
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topological defects (pentagon, heptagon, Stone-Wales defects, and their combination), and 

surface defects. The effect of intrinsic defects in the carbon matrix for the ORR is that modify 

the electronic structure (charge and spin densities), which interrupt π conjugation facilitating the 

oxygen adsorption and dissociation over the surface or at the edge of the carbon matrix during 

the ORR [42–44]. 

 

On another hand, the catalytic activity for the ORR of carbon materials can be mainly enhanced 

by heteroatom doping because the size or electronegativity between heteroatom and the adjacent 

C atoms are usually different. The local charge and spin density of the carbon matrix has been 

altered, which can enable O2 chemisorption, decreases the reaction energy barrier, and break the 

O−O bond thus, facilitate the ORR [42, 45, 46]. The defects on metal-free electrocatalysts 

(chemical doping or structural defects) can promote the mass transport of intermediate reactants 

on the triple-phase boundary regions to enhance the ORR kinetics [40, 47, 48]. 

 

When performing any of these strategies, this family of electrocatalysts exhibit high electrical 

conductivity (e.g., 3.3 S cm-2 for N-doped carbon nanotubes [49]), good electrochemical 

potential cycling stability, and high surface area, (e.g., P/N co-doped hollow carbon sphere, 721 

m2 g-1 [50], 3D porous N-doped carbon, 1074 m2 g-1 [51]). Furthermore, some N-doped metal-

free electrocatalysts have shown high catalytic activity for the ORR (close to Pt/C) in alkaline 

solutions [21]. 

 

Nitrogen is the most widely used heteroatom for this purpose. It has been reported that some N-

doped carbon electrocatalysts have similar catalytic activity for the ORR than Pt/C, which 

makes them materials with high potential for AEMFCs applications [52, 53]. They have unique 

electronic properties derived from the conjugation between the nitrogen lone-pair electrons and 

the π conjugation of the carbon structure [54].  

 

Several reports indicate that the catalytic activity of doped carbon-based electrocatalysts 

towards the ORR is enhanced by the presence of N-pyridinic and N-quaternary species (Fig. 

1.2), while N-pyrrolic species have no positive effect on the reaction [55, 56]. Some works show 

that N-pyridinic improves the onset potential, while N-quaternary increases the limiting current 

density of the ORR. However, each N specie’s concentration and specific contribution in 

enhancing the catalytic activity for the ORR is not well-understood yet [57, 58]. 
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Chen et al. synthesized N-doped carbon nanotubes with similar ORR performance compared to 

Pt/C in terms of onset potential (Eonset= 1.0 V/RHE), half-wave potential (E½= 0.87 V/RHE), 

and electron transfer number (n= 3.63) [59]. In the same manner, the study by Chen et al. shows 

that N-doped carbon nanocages exhibit good catalytic activity for the ORR (Eonset= 0.89 V/RHE 

and n= 3.27). The electrochemical stability of the nanocage is shown to be high, since the current 

density (j) decreases by 10% in the diffusion-controlled region after testing for 100 h, compared 

to 40% of commercial Pt/C in alkaline media [60]. Despite having good electronic, structural, 

and textural properties, in some cases, the N-doped electrocatalyst performance is not yet 

comparable to that obtained by Pt/C for the ORR. 

 

 

Fig. 1.2. Typical carbon structure containing quaternary, pyrrolic, and pyridinic nitrogen groups [21]. 

 

In this context, sulphur is a less studied doping heteroatom than N. It is heteroatom used as a 

dopant in metal-free electrocatalysts due to its exhibit high electrocatalytic activity for the ORR. 

Sulphur has an electronegativity close to that of carbon (dC= 2.55 and dS= 2.58), its incorporation 

into the sp2 carbon lattice may induce strain and stress, modifying the charge distribution and 

facilitating the oxygen chemisorption, a necessary step to promote the ORR [21, 61]. Then, 

replacing carbon with a sulphur atom generates three sulphur species that are active for ORR: i) 

thiophene S (located at the edge of carbon lattice), ii) graphitic S (inside the lattice structure), 

and iii) sulphur oxides (Fig. 1.3) [62–64]. 

 

For example, Yang et al. synthesized S-doped graphene with a similar Eonset than Pt/C 

electrocatalyst, n= 3.82, and limiting current density at 0.7 V/RHE is 5.34 mA cm-2 [65]. 
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Likewise, the work of Xiang et al. synthesized S-doped oxidized acetylene black display good 

catalytic activity for the ORR (Eonset= 0.93 V/RHE, E½= 0.71 V/RHE, and n= 3.9) [66]. 

 

 

Fig. 1.3. Typical carbon structures contain graphitic and thiophene sulphur groups, and sulphur oxide [67]. 

 

Heteroatoms co-doping metal-free electrocatalysts have attracted much attention since this is a 

method to increase catalytic activity. Dual doping of heteroatoms in the carbon lattice was 

believed to produce a high number of active sites for the ORR. However, it does not guarantee 

a high catalytic activity, but rather a synergistic effect between the concentration and the spatial 

distribution of the heteroatoms [68, 69]. 

 

The electronegativity of the N/S co-doped structures is more favourable to creating positively 

charged sites that facilitate the adsorption process of the oxygen surface, which results in a better 

ORR activity compared to the mono-doped structures [70]. For example, N/S co-doped 

graphene has shown an enhanced catalytic activity for the ORR than graphene separately doped 

with S or N heteroatoms [71].  

 

Besides, Yang et al. have shown that an N/S co-doped biocarbon generates a j value between -

3 and -4.5 mA cm-2, with n between 3.2 and 3.9, and Eonset= 0.88 V/RHE in alkaline media [72]. 

Additionally, the report by You et al. shows that N/S co-doped carbon nanospheres exhibit high 

catalytic activity for the ORR (Eonset= 0.88 V/RHE, n= 3.82) along with outstanding long-term 

stability (5% loss after 5.5 h of the test of the limit current density) in an alkaline media [73]. 

In the same manner, the report by Jiang et al. shows N/S co-doped OMC which exhibits high 

catalytic activity for the ORR (Eonset= 0.9 V/RHE and n= 3.95) in alkaline media. After 1500 

cycles of the doped-carbon, the long-term stability is better than that of commercial Pt/C [74]. 
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Table 1.1 shows the electrochemical parameters of sulphur and nitrogen doped and co-doped 

metal-free electrocatalysts for the ORR. 

 
Table 1.1. Electrochemical parameters of different metal-free electrocatalysts for the ORR. 

Electrocatalyst 

Electrochemical parameters 

Ref. Eonset E½ 
n 

(V vs RHE) 

N-doped mesoporous nanocarbon 0.92 --a ⁓4.0 [75] 

N-doped carbon from cellulose 0.83 0.81 3.5 [76] 

N-doped carbon hollow-tubes -- a 0.82 ⁓4.0 [77] 

N-doped graphitic nanofiber 0.74 --a ⁓4.0 [78] 

N-doped carbon nanocages -- a 0.78 ⁓4.0 [79] 

N-doped carbon nanospheres 0.95 0.83 ⁓4.0 [80] 

S-doped carbon from cassava residues 0.69 --a 3.7 [81] 

S-doped carbon spheres 0.88 0.74 3.9 [82] 

S-doped reduced graphite oxide 0.85 --a ⁓4.0 [83] 

S-doped hierarchical graphene 0.87 < 0.81 --a [84] 

S-doped carbon nanotubes 0.92 --a 3.71 [85] 

S-doped hollow porous carbon sphere 0.70 --a 3.50 [86] 

N/S co-doped hard carbon frameworks 0.98 0.82 3.96 [87] 

N/S co-doped carbon from polyaniline 0.88 --a 3.7 [88] 

N/S co-doped ordered mesoporous carbon 1.02 --a ⁓4.0 [89] 

B/N co-doped hierarchical porous carbon 0.94 0.73 ⁓3.8 [90] 

N/F co-doped microporous carbon nanofibers 0.94 0.81 ⁓4.0 [91] 

N/P co-doped hollow carbon nanofiber  0.93 0.82 ⁓3.9 [92] 

N/S/F tri-doped porous carbon 0.98 0.86 ⁓3.6 [93] 

--a: not determined 

 

To enhance the ORR activity of the metal-free electrocatalyst, the effect of heteroatoms doping, 

or the design of structural defects have been studied as well as the control of the chemical surface 

composition and the fabrication of hierarchical porous structure of the electrocatalysts. The 

structures used for the ORR include low-dimensional electrocatalysts (zero-dimensional, 0D), 

one-dimensional (1D), two-dimensional (2D), and three-dimensional (3D) carbon 

nanostructures [94, 95]. Among 3D carbon nanostructure highlights the ordered mesoporous 

carbon, with hollow structure, uniform and tunable mesopores size as well as high surface area, 

have gained enormous attention in energy storage, catalysis, sensors, drug delivery, etc., due to 

high active surface area, long-term durability, and short diffusion length in applications such as 

energy-storages devices and electrocatalysts [96, 97]. 
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In comparison with various ordered mesoporous carbon, the Ordered Mesoporous Carbon 

Hollow Spheres (OMCHS) plays a decisive role in ORR studies. It offers an excellent 

morphology, high hierarchical surface area (~2000 m2 g-1), a high number of mesopores, and 

good electrical conductivity (30.2 S m-1). However, in some reports, the ORR activity 

parameters such as Eonset, current density, and stability of this materials are insufficient when 

compared with the benchmark electrocatalysts [98, 99]. The electrochemical performance of 

different heteroatoms-doped OMCHSs are mentioned below. 

 

1.2.1. Heteroatoms-doped OMCHS for the ORR 

Han et al. report that OMCHS promotes the ORR in alkaline media with a catalytic activity like 

that of commercial Pt/C (Eonset= 0.9 V/RHE, n= 3.8) [100]. Moreover, the investigation by Zhou 

et al. demonstrates that N-doped OMCHS exhibit comparable performance for the ORR to Pt/C 

(Eonset= 0.98 V/RHE, n= 3.9) [101]. Besides, Qin et al. show that hollow mesoporous carbon 

nitride nanospheres a significantly enhance compared to bulk graphitic carbon nitride 

electrocatalytic activity (Eonset= 0.9 V/RHE, n= 3.7) [102].  

 

Additionally, the report by Yongyu et al. shows that mesoporous carbon hollow spheres promote 

the ORR in neutral and alkaline electrolyte (Eonset= 0.83 V/RHE, n= 4) [103]. N/S co-doped 

hollow mesoporous carbon spheres investigated by Yong et al. exhibits a high E½, high 

methanol tolerance, and high long-term durability (Eonset= 0.9 V/RHE, E½= 0.85 V/RHE, n= 

3.98) [104]. Xiong et al. report that N/S co-doped hollow mesoporous carbon spheres show a 

good performance for the ORR and electrochemical stability (Eonset= 0.85 V/RHE, E½= 0.77 

V/RHE, n= 4) [105]. 

 

Moreover, the analysis of N-doped hollow mesoporous carbon nanospheres by Duraisamy et al. 

indicate that electrocatalyst has an outstanding activity toward ORR (Eonset= 0.84 V/RHE, E½= 

0.83 V/RHE, n= 4) [106]. Zhongyu et al. report that N-doped nano-hollow capsule carbon 

nanocages obtain and behaved high performance for the ORR and electrochemical stability in 

alkaline media (Eonset= 0.87 V/RHE, E½= 0.73 V/RHE, n= 3.81) [107]. Also, the investigation 

by Yan et al. show that N-doped hollow carbon polyhedron promotes the ORR in alkaline media 

with a catalytic activity like that of Pt/C (Eonset= 0.98 V/RHE, E½= 0.86 V/RHE, n= 4) [108]. 

Moreover, the report by Fan et al. N-doped carbon covered hollow carbon nanoparticles exhibit 
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high performance for the ORR and high long-term stability (Eonset= 0.87 V/RHE, E½= 0.76 

V/RHE, n= 3.7) [109]. 

 

On another hand, the heteroatoms-doped OMCHS can be combined with metal-transitions (e.g., 

Fe, Co, Mo, Ni, etc.) to increase their catalytic activity [110–114]. The study of Xing et al. 

indicates that N-doped OMCHS embedded Co nanoparticles exhibit a high performance for the 

ORR (Eonset= 0.9 V/RHE, E½ = 0.75 V/RHE, n= 3.94) [115]. The investigation by Su et al. show 

that Fe-N-doped hollow carbon spheres promotes the adsorption/desorption of oxygen and ORR 

intermediates, improving its catalytic activity [116]. In this context, the design and fabrication 

strategies play an important role for OMCHS to enhance their ORR performance [96]. 

 

1.3. Design and fabrication approaches for the synthesis of OMCHS 

The synthesis path of the hollow carbon sphere can be classified in: i) soft-template route, which 

refers to the self-construction of the hollow structure via the use of organic molecules; and ii) 

hard-template route, based on the employment of a hard core that will be removed after the 

formation of the shell [117]. Table 1.2 shows the different advantages and disadvantages of soft-

template and hard-template routes. 

 
Table 1.2. Advantages and disadvantages of soft/hard-template routes [118–121]. 

Synthesis 

procedures 
Advantages Disadvantages 

Soft-templating 

• Wide variety of carbon precursors   

• Template or temple-free strategy 

• Easily remove template 

• Relatively simple processes 

• Relatively high ordered pore arrangement 

• Non-uniform in size, morphology 

• Polydisperse and highly aggregate 

• Difficulty reaction conditions 

• Non-uniform pores. 

 

Hard-templating 

• Wide variety of carbon precursors   

• Uniform in size and morphology 

• Uniform pores (3-10 nm) 

• High surface areas (~2000 m2 g-1) 

• Inorganic or polymer are used as template 

• Difficulty removing the template 

• Non-environmentally friendly process 

• Complicated synthetic routes 

• Less ordered pore arrangement 

 

The hard-template synthesis of OMCHS is presented in Fig. 1.4. This consists of four steps: i) 

core formation (e.g., silica-based spheres), ii) covering of core with a source of carbon and 

heteroatom, iii) carbonization and iv) leaching of silica spheres [122, 123]. 
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Fig. 1.4. Scheme of the synthesis of OMCHS [123]. 

 

The formation of silica core spheres can be produced by the hydrolysis and condensation of 

tetraethyl orthosilicate (TEOS) in the presence of alcohol, water, and a base catalyst. This 

process is known as the Stöber method [124–126]. The reactions that occur are:  

 

i) Hydrolysis:   ≡ Si − OR +  H2O ↔ ≡ Si − OH + ROH 

ii) Alcohol condensation: ≡ Si − OR + ≡ Si − OH ↔ ≡ Si − O − Si ≡ + ROH 

iii) Water condensation: ≡ Si − OH + ≡ Si − OH ↔ ≡ Si − O − Si ≡ + H2O [127]. 

 

After the formation of the core silica template, the porous-shell is formed using resorcinol and 

formaldehyde as carbon sources. The formation of the porous-shell starts with the hydrolysis of 

TEOS to form silica spheres, which interact with resorcinol-formaldehyde (R-F) oligomers and 

cetyltrimethylammonium chloride (CTAC) that work as surfactants, forming clusters that have 

a negative electrostatic charge. The absence of TEOS and CTAC in the synthesis avoids the 

formation of the shell. Next, the clusters are attracted by NH4
+ cations (because this reaction is 

carried out in alkaline solution) on the surface of the core, fully covering it with silica spheres. 

 

Afterwards, the oligomers are condensed and cross-linked to develop a polymeric shell by the 

effect of hydrothermal treatment [113, 128, 129, 130]. Fig. 1.5 schematizes the development of 

the porous-shell. Previously, it was mentioned that OMCHS can be doped with different 

heteroatoms, therefore several studies indicate that doping is performed while the porous-shell 

is formed [131–135]. 

 

Porous-shell can be doped in two ways: i) in-situ, i.e., during their synthesis, or ii) post 

treatment, after their synthesis [136, 137]. Usually, during in-situ procedure, hollow mesoporous 

carbons can be doped using several sources of nitrogen such as gelatin, ethylenediamine, aniline, 

melamine-formaldehyde resin, triethanolamine, p-diaminobenzene, polydopamine, dopamine, 
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pyrrole, diaminobenzene, etc. [129, 138–141]. In the case of S-doped hollow mesoporous 

carbon, the sulphur sources used are: sulphuric acid, toluenesulfonic acid, poly(3,4-

ethylenedioxythiophene), magnesium sulfate, sulfuric acid, thiourea, etc. [134, 142–146]. 

 

 

Fig. 1.5. a) Electrostatic interactions between R-F/silica primary units/CTAC and the silica cores. b) 

Polycondensation of polymeric and silica primary units. c) Formation of the shell during the hydrothermal 

treatment (HT) [122]. 

 

In this regard, Kiciński et al. have reported the synthesis of N and S doped and co-doped 

OMCHS, employing 2-pyridinecarboxaldehyde and 2-thiophenecarboxaldehyde as sources of 

heteroatoms. These compounds can take part in the polycondensation during the polymerization 

process, facilitating the addition of S and N into the porous shell of OMCHS, generating new 

or better properties (structural, morphology, textural, and electrochemical) derived form doping 

with these aldehydes [147, 148]. 

 

The mechanism of resorcinol-formaldehyde polymerization that proceed in the porous-shell 

formation is shown in Fig. 1.6. This process occurs in 2 steps: i) the substitution of resorcinol 

with formaldehyde forming a hydroxymethyl derivative mono-, di- or trisubstituted resorcinol 

in the position ortho or para; and ii) the polycondensation of the intermediate, where 

hydroxymethyl resorcinol units reacts between them forming a cluster [149–151].  

 

The polymerization can proceed at room temperature in the absence of catalysts, but the reaction 

is relatively low. To speed up the polymerization, acid or basic catalysts are used, while the 

temperature is increased up to 90 ºC [125, 150, 152]. 
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Fig. 1.6. The two-step polymerization process of R-F [149, 152]. 

 

After the formation of the R-F polymer/silica sphere composite, next step in the synthesis of 

OMCHS is the carbonization, carried out in oxygen-free or oxygen-limited conditions [153]. 

Finally, the hard silica sphere core and silica spheres in the shell are leached out with 

hydrofluoric acid, resulting in hollow spheres with ordered mesoporous walls [154]. 

 

1.4. Theoretical study of R-F polymers 

Over the past decades, a large amount of theoretical and experimental data has been generated 

in various areas of knowledge. Such an abundance of information is primarily due to the success 

of the Density Functional Theory (DFT) and the great advances that have been made in 

computational capabilities [155, 156]. 

 

Because of such success, the design and innovation of novel and inexpensive materials for 

several applications takes advantages of the knowledge developed by theoretical researchers to 

characterize their properties and correlate them with those obtained experimentally [157]. Of 

great relevance is the design of theoretical models, which is a crucial step for the interpretation 

of the experimental-theoretical results.  

 

One strategy is the direct design of theoretical models, based on calculating the properties and 

compositions of materials. Generally, direct designs are divided in three categories: i) 

descriptive (it interprets and confirms experimental evidence), ii) predictive (it predicts 

properties of novel materials), and iii) predictive for a class of materials (it predicts new 

functionalities) [158]. On the basis this classification, developing more realistic models of the 

surface of the OMCHS represents an important advantage in understanding the catalytic activity 

for the ORR. 
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OMCHS have experienced an outstanding development owing to their size, morphology, 

porosity, and chemical properties that can be customized for a specific purpose, depending on 

the precursors employed during their synthesis [159]. Among the precursors more widely used 

R-F mixture stand out because OMCHS having high electrical conductivity, high surface area 

and porosity and three-dimensional nanoarchitecture are easily obtained from them [147, 150]. 

However, theoretical studies reported in the literature regarding R-F models are scarce. 

 

1.4.1. Theoretical models of the R-F reactions 

R-F reactions are important because an important number of materials are obtained from them, 

having several applications (e.g., catalyst supports, adsorbents, energy storage materials) [160–

162]. Therefore, research related to the development of R-F polymers requires a close 

combination between theoretical and experimental studies, aiming to better understand the 

correlations among synthesis procedures and structures obtained thereafter [163]. 

 

R-F polymers forms when resorcinol undergoes a substitution in its ortho and para sites, 

allowing up to three formaldehyde units to bind into its ring, generating hydroxymethyl 

derivatives. Subsequently, these derivatives react in a condensation reaction, resulting in the 

bridging of methylene and methylene ether compounds through the elimination of water 

molecules, thus forming a cross-linked polymeric network, as seen in Fig. 1.6 [164–166]. 

 

Theoretical models of R-F polymers have been used for different purposes, e.g., Pratt et al. 

reported the molecular modelling of alkaline degradation of R-F polymer exhibit that methylene 

crosslinks are oxidized to aldehyde or carboxylate groups, i.e., back to form the hydroxymethyl 

derivatives [167]. Li et al. have studied the theoretical R-F condensation reactions [168]. In the 

same fashion, Choi et al. have modeled the influence of hydrogen bonds and the steric hindrance 

by phenyl groups in the polycondensation of R-F resins [169]. Moreover, Martin et al. have 

described the growth of R-F polymers from monomers leading to the formation of 

interconnected primary clusters, evaluating their textural and fractal properties [170]. 

Nevertheless, no detailed model of the R-F polymer or their use to produce OMCHS, focusing 

on their application for the ORR has been found in the literature.  
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CHAPTER II.  

Hypothesis 

The substitutional doping with N, S or N-S heteroatoms of the carbon lattice of OMCHS along 

with the intrinsic properties of the hollow sphere will provide a catalytic surface with adequate 

features, resulting in metal-free electrocatalysts for the ORR in alkaline media. 

 

 

Objectives 

General objective 

To experimentally evaluate the effect of doping OMCHS with N, S, and N/S heteroatoms on 

their catalytic activity for the ORR and develop a theoretical surface of the OMCHS. 

 

Specific Objectives 

❖ To analyze the effect of implementing 2-pyridinecarboxaldehyde, pyrrole, and 2-

thiophenemethanol as nitrogen and sulphur sources, respectively, aiming to evaluate the 

capacity to modify the structure, textural, and morphology properties of the OMCHS. 

 

❖ To study the structural and electronic variation in N-doped, S-doped, and N/S co-doped on 

the catalytic activity and electrochemical stability of OMCHS for the ORR. 

 

❖ To identify the species responsible for the electrochemical stability of N-doped, S-doped, 

and N/S co-doped OMCHS through chemical superficial composition analysis. 

 

❖ To develop a theoretical R-F model, aiming to describe the surface of the OMCHS.  
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CHAPTER III.  

Materials and methods 

3.1 Reagents and gasesFrom Sigma-Aldrich: ethanol anhydrous (≤0.005% water), tetraethyl 

orthosilicate (TEOS, 98%), cetyltrimethylammonium chloride (CTAC, 25%), resorcinol 

(99%), formaldehyde solution (37%), 2-pyridinecarboxaldehyde (99%), pyrrole (98%), 

2-thiophenemethanol (98%), methanol anhydrous (99.8%), potassium hydroxide (90%), 

2-propanol anhydrous (99.5%), Nafion® 117 solution (5 wt. %). From J.T. Baker: 

ammonium hydroxide (28-30%), hydrofluoric acid (48-52%). From Infra: ultra high 

purity (UHP) nitrogen and oxygen (99.999%). 

 

3.2 Synthesis of N-doped, S-doped, and N/S co-doped OMCHS 

The heteroatoms-doped OMCHS were synthetized modifying the hard template method 

reported by Mezzavilla et al. [1]. 

 

Hard silica cores were obtained by the Stöber method as follows: a mixture of 60 mL of ethanol, 

11.4 mL of deionized water, 1.3 mL of ammonium hydroxide, and 2.4 mL of TEOS was stirred 

for 7 h. Afterward, 183 mL of deionized water and 37.2 mL of ethanol were added to the mixture 

and stirred for 10 min. Then, 6.2 mL of CTAC were slowly added to the solution, keeping the 

stirring for 15 min. 

 

For the synthesis of the shells of the hollow spheres, the solution containing the hard silica cores 

was mixed with resorcinol and formaldehyde as carbon precursors, along with 2-

pyridinecarboxaldehyde, pyrrole, and 2-thiophenemethanol (separately) as doping agents to 

promote the formation of N-pyridinic, N-pyrrolic, and thiophene species, respectively. The 

electrocatalysts were labeled as N1-OMCHS, N2-OMCHS, and S-OMCHS, respectively. 

 

The synthesis of co-doped OMCHS was carried out by separately mixing solution containing 

the hard silica cores with 2-pyridinecarboxaldehyde or pyrrole with 2-thiophenemetanol, to 

obtain N-pyridinic/thiophene (labeled N1-S-OMCHS) and N-pyrrole/thiophene (labeled N2-S-

OMCHS) species. The molar concentration of each precursor is summarized in Table 3.1. 
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Subsequently, 2.5 mL of TEOS were added. The resulting solutions were stirred for 12 h, placed 

in sealed steel autoclaves covered with Teflon, and heated at 100 °C for 24 h. 

 
Table 3.1. Molar concentration of reagents used for the synthesis of the electrocatalysts. 

Reagent 

Electrocatalysts 

N1-

OMCHS 

N2-

OMCHS 

S-

OMCHS 

N1-S-

OMCHS 

N2-S-

OMCHS 

Resorcinol 

(M
o

l)
 

0.0036 0.0055 0.0064 0.0055 0.0055 

Formaldehyde 0.0067 0.0076 0.0086 0.0078 0.0074 

2-Pyridinecarboxaldehyde 0.0074 -- a -- a 0.0036 -- a 

Pyrrole --a 0.0046 -- a -- a 0.0034 

2-Thiophenemethanol -- a -- a 0.0034 0.0017 0.0019 

--a: not added 

 

After solvothermal treatment, the powders were recovered by filtration, washed with an 

ethanol/water solution, and dried at 60 °C. Then, the powders were carbonized at 1000 °C under 

N2 atmosphere in a tubular furnace for 4 h with a heating rate of 5 °C min-1. 

 

The silica hard cores were leached from the black powders obtained after carbonization with an 

aqueous solution of 10% of hydrofluoric acid for 48 h, then the products were washed with 

deionized water and dried at 60 °C. For comparison purposes, non-doped OMCHS were 

synthesized by the same methodology, without adding any source of heteroatoms. 

 

The OMCHS, N1-OMCHS, N2-OMCHS, S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS 

electrocatalysts were functionalized with methanol by the intermittent microwave heating 

method as follows: 1 g of each electrocatalyst was dispersed separately in 100 mL of 0.5 M 

methanol solution in an ultrasonic bath for 30 min and magnetically stirred for 1 h. Then, the 

solution was placed in a home-modified microwave oven and heated under refluxing conditions 

with 25 s on/15 s off pulses for 8 min. Finally, the powders were filtered, washed with deionized 

water, dried at 60 °C, and calcined at 200 °C for 30 min in air atmosphere. 

 

3.1. Physicochemical characterization 

The structural features of the electrocatalysts were examined by Raman spectroscopy in a 

Raman Thermo Scientific DXR2 model (wavelength = 633 nm, in the 100 to 3500 cm-1 range). 

Also, by X-ray diffraction (XRD) in a Bruker D2 Phaser 2nd Gen. apparatus in a 10-100° (2θ) 

range with a step scan of 0.01° per 0.4 s. 
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The textural features were analyzed by N2 adsorption/desorption technique in a Quantachrome 

Nova- Win at 77 K. The specific surface area was calculated by the non-local-density functional 

theory (NLDFT) method. The pore size distribution curves were determined from the desorption 

of the isotherms using the Barrett-Joyner-Halenda (BJH) model. 

 

The morphology of the metal-free electrocatalysts was characterized by Field-Emission 

Scanning Electron Microscopy (FESEM), in a Jeol JSM-7800F Prime microscope, using a 

Bruker Quantax detector, and by Transmission Electron Microscopy (HR-TEM), in a Hitachi 

HT7700 equipment with an acceleration voltage of 100 kV. 

 

3.2. Electrochemical measurements 

The electrochemical characterization was performed with a Bio-Logic VSP-300 bipotentiostat 

coupled to a Rotating Ring Disk Electrode (RRDE) set-up, in a three-electrode cell 

configuration. The reference electrode was an Ag/AgCl (saturated in KCl solution) placed in a 

Luggin capillary with a membrane at the tip, while the counter electrode was a Pt coil in a 

separate compartment also with a membrane at the tip. All measurements were performed in 0.5 

mol L-1 KOH solution. In this work, all potentials have been referred to the Reversible Hydrogen 

Electrode (RHE). 

 

For the preparation of the working electrodes, catalyst inks with the following composition were 

dispersed by ultrasound for 30 min, separately: 10 mg of the corresponding electrocatalyst, 1 

mL of 2-propanol, and 60 μL of Nafion® solution. An aliquot of 10 μL was deposited on a glassy 

carbon electrode (5.61 mm diam) embedded in a PEEK structure with a gold ring (Pine Inst.). 

The nominal catalyst loading at the electrodes was 381 mg cm-2. 

 

Cyclic voltammograms (CVs) were obtained in N2-saturated electrolyte in a potential range of 

1.2 to 0.05 V/RHE at a scan rate of 20 mV s-1. The catalytic activity for the ORR was evaluated 

in the same potential interval. First, a CV in N2-saturated electrolyte at a scan rate of 5 mV s-1 

and rotating rate of 2000 rpm was recorded to assess the background current. Then, CVs were 

acquired in O2-saturated electrolyte at the scan rate of 5mV s-1 at several rotation rates (ω= 400, 

800, 1200, 1600, and 2000 rpm). Subsequently, the background current was subtracted from the 
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CVs in O2 atmosphere. In this work, only the negative scans of the CVs were shown. The current 

density (j) was normalized concerning the geometric area of the glassy carbon. 

At the same time, the current in the Au ring, which correlates to the hydrogen peroxide produced 

from the ORR, was collected by fixing it a constant potential of 1.2 V/RHE. The percentage of 

hydrogen peroxide produced (%HO2
-) and the number of electrons transferred (n) were 

determined with the following equations [2]: 

 

%HO2
− =

200 ∗ IR
N

ID + (IR N⁄ )
                                (1) 

 

           n =
4 ∗ ID

ID + (IR N⁄ )
                                (2) 

 

where ID is the disk current, IR is the ring current and N is the collection efficiency (0.37 in 

alkaline media, provided by the manufacturer). For comparison purposes, a commercial 20 wt. 

% Pt/C (E-tek), considered as benchmark for the ORR by the US Department of Energy was 

also characterized. 

 

The mass catalytic activity of Pt/C and metal-free electrocatalysts were obtained according to 

the procedure reported by Jaouen et al. [3], using the equations (3), (4), and (5). 

 

𝑖𝑘 =  
𝑖 × 𝑖𝑑

𝑖 − 𝑖𝑑
                                        (3) 

 

IM =
𝑖𝑘

mcatalyst
                                   (4) 

 

IM(Pt/C) =
𝑖𝑘

mcarbon
                        (5) 

 

where i is the experimental current collected at the working electrode, id is the diffusion-limiting 

current at 0.2 V vs RHE, ik is the kinetic current, IM is the mass current density, and mcatalyst is 

the amount of carbon in the electrocatalyst loading on the glassy carbon. Likewise, the mass 

activity of the Pt/C electrocatalyst is defined by eq. (5), where mcarbon is the mass content 

deposited in the glassy carbon of the electrode considering the wt. % of C indicated by the 
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manufacturer. Obtaining Pt/C mass activity allows a better comparison of performance with the 

metal-free electrocatalysts. 

 

Accelerated degradation tests (ADT) were carried out according to the recommendations of the 

US Department of Energy (DOE) [4] as follows: 3000 cycles were performed in the potential 

range between 0.6 and 1.0 V/RHE at a scan rate of 50 mV s-1 in N2-atmosphere. Then, a CV 

was recorded to determine the background current between 1.2 and 0.05 V/ RHE at 5 mV s-1 in 

the N2-saturated electrolyte. Afterwards, a CV was obtained in O2-saturated electrolyte in the 

same potential interval, at 2000 rpm and a scan rate of 5 mV s-1, aiming to evaluate the catalytic 

activity after ADT and compare it to that before. In addition, %HO2
- and n after ADT were 

determined too. 

 

3.3. Chemical surface composition of N-doped, S-doped, and N/S co-doped OMCHS before 

and after ADT. 

The surface chemistry of OMCHS, N1-OMCHS, N2-OMCHS, S-OMCHS and N1-S-OMCHS 

and N2-S-OMCHS was determined by X-ray photoelectron spectroscopy (XPS), in a Thermo 

Scientific K-Alpha+XPS apparatus, equipped with a monochromator (Al-Kα radiation, hv = 

1486.68 eV). Surface charging effects were compensated by referencing the binding energies to 

the C 1s spectrum of carbon at 284.8 eV. Before ADT, a catalyst ink containing 0.05 g of each 

electrocatalyst, 500 mL of ethanol, and 300 mL of Nafion® solution was dispersed by ultrasound 

for 1 h. The solvent was left to evaporate, and the obtained powders were evaluated. 

 

For characterization after ADT, a Rotating Disk Electrode (Pine Inst.) was modified to obtain 

the minimum amount of electrocatalysts required for XPS analysis. For this purpose, the glassy 

carbon disk was removed from the rotating disk electrode, leaving a void in the Teflon U-cup 

within the PEEK shroud (Fig. 3.1). Several aliquots of catalyst ink with the same composition 

mentioned in the previous paragraph were added into the Teflon U-cup, allowing for the 

evaporation of the solvent at 50 °C. The addition of catalyst ink was repeated until the U-cup 

was filled with dry electrocatalyst powder. Afterwards, the electrocatalysts underwent ADT, as 

described above. Then, the powders were recovered and submitted to XPS characterization. 
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Fig. 3.1. Scheme of the Rotating Disk Electrode modified for the XPS characterization of the metal-

free electrocatalysts after ADT. 

 

3.4. Theoretical study of the resorcinol-formaldehyde (R-F) reaction 

3.4.1. Synthesis of R-F polymers 

RF polymers were synthesized by solubilizing 0.62 g of resorcinol powder in 2 mL of water and 

heating it to 80 °C. Then, 0.84, 0.63, 0.42 and 0.21 mL of formaldehyde were added to obtain a 

mixture with a nominal molar ratio of 1:2, 1:1.5, 1:1, and 1:0.5, respectively. Afterwards, the 

mixtures were heated to 100 °C for 24 h, allowing them to cool down to room temperature. The 

polymers were labeled as RF2, RF1.5, RF1, and RF0.5, according to the respective 

formaldehyde concentration. Then, the polymers obtained were characterized by XRD 

technique using a Panalytical Empyrean spectrometer using the Cu Kα (λ = 0.154 nm) radiation 

in 5-65° (2θ) range with a step scan of 0.03° per second. 

 

3.4.2. Theoretical calculation 

Density functional theory (DFT) calculations were performed using the Vienna Ab initio 

simulation package (VASP). Wave functions were described within the projector augmented 

wave method (PAW) and the generalized gradient approximation (GGA) was used in the 

Perdew-Burke-Ernzerhof (PBE) scheme to describe the exchange-correlation functional. 

Expansion of plane waves was performed with a 600 eV energy cut-off and a k-point sampling 

with a density of at least 4000-points/atom, considering a gamma-centered grid in the Brillouin 

zone which guarantees convergence criteria of ionic forces of 1x10-3 eV [5]. 
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The bulk modulus was derived from a third-order Birch-Murnaghan equation of states (EOS) 

accounting for a 10% volume change of the unit cell [6]. Formation enthalpies ΔHf were 

calculated according to Eq. (6), where Etot is the total energy, Epha is the energy of the resorcinol 

phase, and Eform is the energy of the formaldehyde molecule. 

 

∆Hf = Etot − (Epha + nEform)                     (6) 

 

The crystalline phases of α-resorcinol and β-resorcinol were used for the theoretical calculations 

[7]. The structure corresponds to a Pna21 orthorhombic space group and contains four molecules 

in the unit cell. In the first stage, α-resorcinol and the β-resorcinol unit cells were saturated with 

two, four, six, and eight hydroxymethyl molecules (labeled as 2HMR, 4HMR, 6HMR, and 

8HMR, respectively) in ortho and para positions of resorcinol (2 and 4 places in the ring, 

respectively). In the second stage, methylene and methylene ether bridges were formed through 

the elimination of water molecules and labeled as 2MR, 4MR, 6MR, and 8MR. Full relaxation 

of all structural phases was performed. From these structures, the amorphized diffraction 

patterns were obtained with the software GDIS Molecule Modeller and compared with the XRD 

of the materials obtained in section 3.4.1. 
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CHAPTER IV.  

Insight into the performance and stability of N-doped Ordered Mesoporous 

Carbon Hollow Spheres for the ORR: Influence of the nitrogen species on their 

catalytic activity after ADT 

4.1. Physicochemical characterization of N-doped OMCHS 

Raman spectra of OMCHS, N1-OMCHS, and N2-OMCHS are shown in Figs. 4.1 a, b, and c) 

respectively. The spectra show the two main typical signals of carbon-based materials, i.e., the 

D-band (≈1325 cm-1), which is representative of defects and structural disorder in the graphitic 

lattice, caused by the breakage of the six-fold symmetry; and the G-band (≈1595 cm-1), which 

is due to the in-plane stretching of symmetric vibrations of the sp2 C=C bonds [1]. 

 

The intensity ratio between the D and G interbands (ID/IG) has been determined after 

deconvoluting the data in the spectra by Lorentzian fitting. This ratio gives an approach to the 

density of defect sites in the carbon lattice [2]. The ID/IG value of OMCHS, N1-OMCHS, and 

N2-OMCHS is 1.51, 1.44, and 1.32, respectively. 

 

 

Fig. 4.1. Raman spectra of (a) OMCHS, (b) N1-OMCHS, and (c) N2-OMCHS. The G, D, D’, and D* bands 

were fitted with a Lorentzian function, whereas the D’’ band was fitted with a Gaussian function. 

 

As can be seen, the ID/IG slightly decreases when the carbon structures are doped with nitrogen 

species. This feature indicates that the 2-pyridinecarboxaldehyde and pyrrole nitrogen 

precursors promote the formation of a more ordered structure. At this point, it should be briefly 

mentioned that the nitrogen content, determined by XPS, is 0.99, 2.56, and 1.65. % for OMCHS, 

N1-OMCHS, and N2-OMCHS respectively, thereby confirming the presence of nitrogen; 

however, the XPS results are widely discussed below. 
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Moreover, the D’ (≈1615 cm-1), D’’ (≈1500 cm-1), and D* (≈1170 cm-1) interbands have been 

developed from the deconvolution of all the spectra. The D’ interband usually merges with the 

G band and is due to phonon confinement caused by the defects [3]. Meanwhile, the D’’ 

interband has been assigned to interstitial defects of amorphous carbon fragments containing 

sp2 bonds [4–6]. In this regard, the relative intensity of D’’ is 17.3, 14.5, and 13.5 for OMCHS, 

N1-OMCHS, and N2-OMCHS, respectively. As can be seen, the relative intensity of the D’’ 

interband decreases at N1-OMCHS and N2-OMCHS, compared to OMCHS.  

 

Now, considering that the ID/IG ratio slightly decreases with the incorporation of both nitrogen 

precursors, this behavior indicates that 2-pyridinecarboxaldehyde and pyrrole promote the 

formation of carbon fragments bonded with sp2 nanodomains. This outcome is in good 

agreement with the observations reported by Vollebregt et al. [7], who suggest that the intensity 

of the D’’ interband decreases as the crystallinity of the sample increases. 

 

Meanwhile, the D* interband can be attributed to stretching vibrations of the sp2-sp3 (C-C and 

C=C) bonds of polyene-like structures [8–10]. Furthermore, the ID*/IG ratio intensity has been 

calculated and is 0.23, 0.18, and 0.11 for OMCHS, N1-OMCHS, and N2-OMCHS, respectively, 

confirming that the crystallinity increases when doping the hollow spheres with the N-

precursors [11]. Also, it should be noted that pyrrole promotes the formation of relatively more 

crystalline carbons than 2-pyridinecarboxaldehyde. 

 

The XRD patterns of OMCHS, N1-OMCHS, and N2-OMCHS are shown in Fig. 4.2 a). All 

patterns show two well-defined peaks, the most intense at 2θ = 22-25°, which are assigned to 

the (002) graphite interlayer. The second peak at 2θ = 43 - 45° corresponds to (101) graphite 

plane [12, 13]. It is observed that for both N-doped electrocatalysts, the (002) plane shifts to 

higher angles by ca. 2° (2θ), related to the OMCHS electrocatalysts. This shift indicates a 

reduction of the interlayer distance for the N-doped electrocatalysts compared to OMCHS, 

which is in good agreement with previous reports [14]. 

 

Fig. 4.2b) depicts the N2 adsorption/desorption isotherms of the metal-free electrocatalysts, 

which show a hysteresis loop characteristic of type IV(a) isotherms. According to the most 

recent technical report by the International Union of Pure and Applied Chemistry (IUPAC) [15], 
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type IV(a) isotherms are characteristic of mesoporous materials. Moreover, it can be observed 

that the three isotherms show a combination of H2 and H3-type hysteresis. 

 

 

Fig. 4.1. (a) XRD patterns, (b) N2 adsorption-desorption isotherms, and (c) BJH desorption pore size 

distribution of OMCHS, N1-OMCHS, and N2-OMCHS. 

 

The hysteresis can be divided in two capillary condensation steps, i.e., in the P/P0 = 0.40 to 0.79 

(H2-type) and the P/P0 = 0.80 to 0.90 (H3-type) intervals. The former is associated with the 

filling of mesoporous by absorbed N2, while the latter can be attributed to the continuous 

adsorption of N2 onto the hollow core [16–19]. 

 
Table 4.1. Textural and morphological features of the N-doped OMCHS. 

Sample 
SSADFT 

Average 

Pore size 
Pore volume 

Average 

diameter 
Wall thickness 

(m2 g-1) (nm) (cm3 g-1) (avg., nm) (avg., nm) 

OMCHS 810 2.0 1.37 301 ± 1.9 52 

N1-OMCHS 662 1.7 0.94 255 ± 1.4 43 

N2-OMCHS 873 1.7 1.11 231 ± 1.8 27 
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As can be observed, for the N-doped electrocatalysts, the shape of the isotherms changes slightly 

related to that of OMCHS, an indication that when nitrogen species are incorporated into the 

carbon lattice, both textural and structural properties are modified. The textural properties of the 

metal-free electrocatalysts are summarized in Table 4.1. 

 

 

Fig. 4.3. FE-SEM and TEM images of (a, d) OMCHS; (b, e) N1-OMCHS; and (c, f) N2-OMCHS. 

 

The specific surface area (SSADFT) is 810, 662, and 873 m2 g-1 at OMCHS, N1-OMCHS, and 

N2-OMCHS. The average pore size distribution curves show the existence of mesopores 

centered at 2.0 nm in OMCHS. Additionally, slightly enlarged pores at 4.8 nm are also found at 

this electrocatalyst, which is likely positioned in the shell of the carbon spheres. Meanwhile, 

N1-OMCHS and N2-OMCHS have an average pore size distribution centered at 1.7 nm. The 

pore volume is 1.37, 0.94, and 1.11 cm3 g-1 for OMCHS, N1-OMCHS, and N2-OMCHS, 

respectively (Table 4.1). Thus, there is a noticeable effect of the nitrogen precursor on the 

SSADFT values of electrocatalysts. 

 

FE-SEM images of OMCHS, N1-OMCHS, and N2-OMCHS are shown in Figs. 4.3 a-c). Their 

morphology is that of well-defined nanospheres having a rough surface. It is observed that the 

diameter of the nanospheres becomes smaller after doping (Table 4.1), with a more important 

effect at N2-OMCHS (231 nm). Even more, the surface of N2-OMCHS seems less rough 

compared to OMCHS and N1-OMCHS. 
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Figs. 4.3 d-f) show the TEM images of OMCHS, N1-OMCHS, and N2-OMCHS, at which the 

effect of the nitrogen precursor on their morphology can be seen more clearly. For example, the 

average diameter of the spheres at OMCHS is 301 ± 1.9 nm (its sphere diameter distribution is 

shown in Fig. 4.4a), while its wall thickness is ca. 52 nm. 

 

 

Fig. 4.4. Spheres diameter distribution of (a) OMCHS, (b) N1-OMCHS, and (c) N2-OMCHS. 

 

The spheres are rough in nature. The darker circular zones in Fig. 4.3d) are attributed to residual 

silicon not being removed during leaching. N1-OMCHS (Fig. 4.3e) shows an average diameter 

of 255 ± 1.4 nm with a wall thickness of 43 nm (Table 4.1 and Fig. 4.4b) and hollow nanospheres 

without residual silicon. Moreover, there is a clear effect of the doping since the morphology of 

the spheres differs from that of OMCHS, with a rougher surface that resulted in a lower SSADFT 

value and a slightly smaller average pore size (Table 4.1). 

 

The micrograph of N2-OMCHS in Fig. 4.3 f) also shows differences in morphology due to the 

doping compared to the other electrocatalysts. Its average diameter is 231 ± 1.8 nm (the smallest 

among the electrocatalysts, Fig. 4.4c), with a wall thickness of 27 nm, significantly thinner 

compared to OMCHS and N1-OMCHS. Moreover, it should be noted that the surface of the 



 

 
42 

 

spheres of N2-OMCHS is the smoothest, although its SSADFT value is the highest (Table 4.1), 

with an average pore size of 1.7 nm. 

 

Therefore, this analysis demonstrates the significant effect of doping on the textural and 

morphological features of the electrocatalysts, and more importantly, that the surface 

modification strongly depends on the nitrogen precursor. 

 

4.2. The catalytic activity of the N-doped OMCHS for the ORR 

Fig. 4.5 a) shows the CVs of OMCHS, N1-OMCHS, and N2-OMCHS, with a semi-rectangular 

shape that suggests an effect of electric double-layer capacitance by non-faradaic processes [16]. 

In some cases, there is a relationship between the shape of the CV and the textural properties of 

the electrocatalysts, since larger pores and higher SSADFT generally improve the electrolyte 

diffusion and the ion transport, increasing j [20]. 

 

 

Fig. 4.5. (a) CVs of OMCHS, N1-OMCHS, and N2-OMCHS were collected at 20 mV s-1. Electrolyte: N2-

saturated 0.5 mol L-1 KOH. (b) Negative scan only of the CVs of the ORR at 2000 rpm of OMCHS, N1-

OMCHS, N2-OMCHS, and Pt/C. Electrolyte: O2-saturated 0.5 mol L-1 KOH. (c) %HO2
-, and (d) n plots at 

the electrocatalysts. 
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Nevertheless, even though OMCHS and N2-OMCHS have similar SSADFT values, the CV of 

the latter has the largest area within the curve. Such enhancement suggests that pyrrole promotes 

the formation of extrinsic defects and actives sites, which in addition modify the surface 

wettability of N2-OMCHS providing pseudocapacitive properties and thus higher j values over 

the potential scanned [21]. 

 

A similar analysis comparing OMCHS and N1-OMCHS can be done. The values in Table 4.1 

show that the SSADTF of the former is at least 22% higher than that of the latter. Despite this, 

their CVs (i.e., the areas within the curves) are very similar. It is hypothesized that 2-

pyridinecarboxaldehyde promotes the formation of defects and active sites, modifying the 

surface chemistry of N1-OMCHS. By doing so, the electrode-electrolyte interface of the 

electrocatalyst is improved, increasing its electrochemical double layer although N1-OMCHS 

has a lower SSADFT than OMCHS.  

 

In addition, it is noticeable that the defects and active sites from the doping with pyrrole are not 

promoted by 2-pyridinecarboxaldehyde, and therefore the electrochemical properties differ 

between N2-OMCHS and N1-OMCHS. 

 

Polarization curves of the ORR (i.e., the negative scan only of the CVs after background current 

correction) at 2000 rpm of the metal-free and Pt/C electrocatalysts are shown in Fig 4.5b). The 

kinetic, mixed, and diffusion-controlled characteristic regions of the ORR can be discerned at 

the metal-free electrocatalysts. The onset potential (Eonset) before ADT (1st cycle) of N2-

OMCHS (0.88 V/RHE) is more positive than those of N1-OMCHS and OMCHS, confirming 

the advantageous effect of the nitrogen incorporation (Table 4.2). 

 

The Eonset value of N2-OMCHS is comparable with some recent works on N-doped mesoporous 

carbon materials. Several groups have reported the Eonset values of hollow spheres (1.0 V/RHE, 

[22]), carbon nanoflowers (0.90 V/RHE, [23]), mesoporous carbon (0.90 V/RHE, [24]) and 

mesoporous carbon spheres (0.90 V/RHE, [25]). Nevertheless, Eonset at N2-OMCHS is still 130 

mV more negative than that of Pt/C (Table 4.2.). 

 

The polarization curves of the ORR at Pt/C, OMCHS, N1-OMCHS, and N2-OMCHS at 

different rotation rates are shown in Fig. 4.6. As expected, the current density increases with 
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increasing ω because oxygen molecules diffuse at a higher rate towards the surface of the 

electrocatalysts. Fig. 4.7 shows plots of IR at the electrocatalysts also at several values of ω. 

 

 

Fig. 4.6. Polarization curves of the ORR of (a) Pt/C, (b) OMCHS, (c) N1-OMCHS, and (d) N2-OMCHS. 

Electrochemical test performed in O2-saturated 0.5 mol L-1 KOH, at a scan rate of 5 mV s-1. 

 

 

Fig. 4.7. Ring-current-potential curves of the ORR at (a) Pt/C, (b) OMCHS, (c) N1-OMCHS, and (d) N2-

OMCHS performed in O2-saturated 0.5 mol L-1 KOH, at a scan rate of 5 mV s-1 at 1st cycle. 
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Table 4.2 also shows the 1st cycle half-wave potential (E½) values of the electrocatalysts, which 

is a good indicator of the electrocatalyst capability to reduce the overpotential [26]. As can be 

seen, it is 20 mV more positive at N2-OMCHS (0.82 V/RHE) than those of OMCHS and N1-

OMCHS (0.80 V/RHE), and only 70 mV more negative than that of Pt/C (0.89 V/RHE). 

 

Table 4.2. Electrochemical parameters of the ORR at the electrocatalysts at the 1st and after 3000th cycles. 

Samples 

Eonset E½ j at 0.8 V/RHE HO2
- 

n 
(V/RHE) (V/RHE) (mA cm-2) (%) 

1st 3000th 1st 3000th 1st 3000th 1st 3000th 1st 3000th 

OMCHS 0.86 0.84 0.80 0.79 -1.14 -0.67 4.8 1.24 3.90 3.98 

N1-OMCHS 0.87 0.87 0.80 0.81 -1.18 -1.37 8.7 1.17 3.83 3.98 

N2-OMCHS 0.88 0.86 0.82 0.80 -2.10 -1.63 3.8 1.67 3.92 3.97 

Pt/C 1.01 0.97 0.89 0.86 -3.53 -3.29 2.0 7.90 3.97 3.84 

 

Table 4.3. Comparison of the catalytic performance for the ORR in terms of the Eonset, E1/2, n, and %HO2
-, of 

recently reported non-platinum electrocatalysts. 

Catalyst 
Eonset E½ 

n 
HO2

- 
Reference 

(V/RHE) (V/RHE) (%) 

N-Doping of graphene 

oxide 
0.84 0.7 3.91 --a 

Chem. Commun., 2017, 53, 873-

876. 

Trioxotriangulene derivates 0.85 --a 2.71 60 Chem. Commun., 2019, 2, 46-8. 

Iron and nitrogen-doped 

graphene 
0.93 0.8 3.80 10 

J. Mater. Chem A., 2015, 3, 1058-

1067. 

Non-doped graphene 

nanosheets 
0.83 --a 3.3 21 

ACS Appl. Mater. Interfaces, 2014, 

6, 19726-19736. 

Cu6Ni7/ thermalized 

triazine-based frameworks 
0.82 0.68 3.94 3.3 

Am. Chem. Soc., 2017, 44, 38486-

38498. 

--a: not determined 

 

On other hand, j values at 0.8 V/RHE (1st cycle) are -2.10, -1.18, and -1.14 mA cm-2 for N2-

OMCHS, N1-OMCHS, and OMCHS, respectively. This parameter is smaller at N2-OMCHS 

compared to Pt/C (Table 4.2); however, the performance of the former is the highest among the 

carbon-based electrocatalysts. 

 

Figs. 4.5c) and d) show the 1st cycle plots of % HO2
- and n, calculated from equations (1) and 

(2), respectively, from data at ω = 2000 rpm. These electrochemical parameters are also 

summarized in Table 4.2. N2-OMCHS shows a remarkably high performance with %HO2
- = 

3.8 % and n = 3.92, very low values which approximate those of Pt/C (%HO2
- = 2.0 and n= 

3.97). Moreover, it is striking that the performance of OMCHS is better than that of N1-

OMCHS. Nevertheless, the results indicate that the ORR at N2-OMCHS, N1-OMCHS, and 

OMCHS follows a 4e- pathway with a very low percentage of HO2
- produced. It should be noted 
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that all the metal-free electrocatalysts synthesized in this chapter have very promising %HO2
- 

and n values compared to other metal-free electrocatalysts reported in the literature (see Table 

4.3). 

 
Considering the results of electrochemical parameters so far in Fig. 4.5 and Table 4.2 (1st cycle), N2-

OMCHS shows an enhanced performance for the ORR, compared to OMCHS and N1-OMCHS. Its high 

catalytic activity can be attributed to a synergistic effect of nitrogen content (1.65 at. %), degree of 

graphitization (ID/IG = 1.25), SSADFT (873 m2 g-1), and an adequate pore volume (1.1 cm3 g-1), which are 

decisive factors for generating large amounts of exposed active sites, favoring the electron transfer 

pathway, and mass transport between electrocatalyst and electrolyte, as reported by Huang et al. [27]. 

 

4.3. Surface chemical composition of the N-doped OMCHS before ADT 

The surface chemical composition of powders of the N-doped OMCHS, determined by XPS, is 

shown in Table 4.4. The electrocatalysts are composed of carbon (C 1s), oxygen (O 1s), nitrogen 

(N 1s), and silicon (Si 2p), without additional elements being detected. It calls the attention that 

OMCHS contains 0.99 at. % Nitrogen, although the presence of this element is attributed to 

residual ammonium hydroxide used during its synthesis. 

 
Table 4.4. Surface chemical composition of OMCHS, N1-OMCHSand N2-OMCHS by XPS. 

Samples 
C 1s O 1s N 1s Si 2p 

(at. %) 

OMCHS 94.06 4.05 0.99 0.89 

N1-OMCHS 91.14 5.74 2.56 0.55 

N2-OMCHS 91.38 6.04 1.65 0.93 

 

The nitrogen content increases at N1-OMCHS and N2-OMCHS (2.56 and 1.65 at. %, 

respectively) confirming the incorporation of nitrogen species during the in-situ doping of both 

electrocatalysts. Moreover, the oxygen concentration increases in the order OMCHS < N1-

OMCHS < N2-OMCHS. The presence of low concentrations of silicon at the electrocatalysts 

(between ca. 0.5 and 0.9 at. %) is due to the residual Si not being removed during the leaching 

process. 

 

In the same line of analysis, the surface chemical composition of the catalyst inks of OMCHS, 

N1-OMCHS, and N2-OMCHS, i.e., those deposited on glassy carbon for ORR measurement 

(and the same used to fill the U-cup in Fig. 3.1), has also been evaluated by XPS prior to ADT. 
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This analysis has been carried out to study all the chemical species involved during the ORR, 

including those provided by the Nafion® solution used as a binder in this work. This approach 

is also helpful for comparing the surface chemistry of the electrocatalysts before and after ADT, 

as shown later. The results of the XPS analysis before ADT are depicted in Fig. 4.8. 

 

First, the deconvolution of the high-resolution C 1s spectra corresponding to the catalyst ink of 

OMCHS, N1-OMCHS, and N2-OMCHS is shown in Figs. 4.8a-c). Eight peaks have been 

identified at a binding energy (BE) that corresponds to: C=C sp2 hybridization (284.7 eV), C-C 

sp3 hybridization (285.7 eV), C-O (286.6 eV), C=O (287.6 eV), CF2-SO3H (288.96 eV), CF 

(290.4 eV), CF2 (291.8 eV), and CF3 (293.1 eV). Therefore, the peaks between a BE of 287 and 

294 eV correspond to functional groups related to Nafion® [28, 29]. 

 

 

Fig.4.8. Deconvolution of high-resolution XPS spectra of the N-doped OMCHS (catalyst inks). (a-c) C 1s 

and (d-f) N 1s region. 1st cycle. 

 

The relative concentration of species at the electrocatalysts before ADT is shown in Table 4.5 (1st cycle 

data). As can be seen, OMCHS, N1-OMCHS, and N2-OMCHS are mainly composed of C=C sp2 

hybridization (56.1, 55.8, and 59.5 at. %, respectively), confirming the presence of a graphitic structure, 

which is in good agreement with the Raman results. Moreover, as expected, the relative concentration of 

Nafion® species is similar in all electrocatalysts (OMCHS= 29.2, N1-OMCHS= 25.7, and N2-OMCHS= 

25.4 at. %). 
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The relative concentration of C-O plus C=O species at N1-OMCHS (7.9 at. %) increases 

compared to OMCHS (6.5 at. %) and N2-OMCHS (6.1 at. %). The presence of the C-O and 

C=O carbonyl groups on the surface of the N-doped OMCHS can be assigned to the 

functionalization with methanol. Figs. 6.8 d-f) show the deconvolution of the high-resolution 

spectra in the N 1s region of the electrocatalysts. At OMCHS (Fig 6.8d) a single peak has been 

identified at BE= 401.52 eV, which corresponds to NH4
+ species, confirming that the nitrogen 

detected in this electrocatalyst is due to the residual ammonia from the synthesis process. 

 

In the case of N1-OMCHS, three peaks are observed (Fig. 4.8e) corresponding to the N-

pyridinic (398.49 eV), N-pyrrolic/pyridone (400.89 eV), and N-quaternary (401.90 eV) species. 

Meanwhile, the same three nitrogen species are detected at N2-OMCHS (Fig. 4.8 f), where the 

peaks shift towards higher BE: N-pyridinic (398.69 eV), N-pyrrolic/pyridone (400.94 eV), and 

N-quaternary (402.55 eV). These results confirm the successful nitrogen doping of N1-OMCHS 

and N2-OMCHS. The nitrogen species of both N-doped OMCHS are the same, with just slight 

differences in the relative atomic concentration (see Table 4.5). It has been reported that the 

chemical state of N-pyrrolic and N-pyridone is similar [30, 31], and therefore, it is difficult to 

distinguish between them. 

 

Now, the nitrogen precursor at N1-OMCHS is 2-pyridinecarboxaldehyde, a molecule formed 

basically by a pyridine anchored to a hydroxyl group; therefore, it can be inferred that the peak 

at 400.89 eV in Fig. 4.8e is mainly N-pyridone. Similarly, it can be assumed that the peak at 

400.94 eV in N2-OMCHS (Fig. 4.8f) corresponds to N-pyrrolic species because pyrrole is the 

source of nitrogen. 

 

Regarding the catalytic activity for the ORR, it is widely reported that N-pyridinic species 

promotes active sites for oxygen adsorption in adjacent carbon atoms due to modifications of 

the chemical environment [32, 33], and N-quaternary provides active sites which can increase 

the limiting current density [34, 35]. Moreover, it has been also reported that N-pyrrolic 

promotes high catalytic activity by improving parameters such as Eonset and promoting a four-

electron mechanism pathway [36]. 

 

Furthermore, some authors have speculated that an adequate concentration of the three species 

(N-pyrrolic, N-pyridinic, and N-quaternary) can enhance the catalytic activity for the ORR of 
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metal-free electrocatalysts [37, 38]. With this background in mind, the enhanced performance 

of N2-OMCHS for the ORR (1st cycle) can be attributed to the fact that it contains the three 

nitrogen species that promote the reaction. 

 

On the other hand, despite containing N-pyridinic and N-quaternary, N1-OMCHS has the N-

pyridone species which to the best of our knowledge has not been reported to provide catalytic 

sites for the reaction. On this issue, OMCHS contains only the NH+4 species. In addition to the 

three N-species, other factors such as SSADFT, pore-volume, and pore size play an important 

role in the catalytic activity of N2-OMCHS for the ORR. 

 

4.4. Catalytic activity for the ORR and surface chemical composition of the N-doped OMCHS 

after ADT 

Figs. 4.9 a-c) show the polarization curves of the ORR at the N-doped OMCHS in the 1st and 

3000th cycles. After ADT, Eonset shifts by 20 mV towards more negative values at OMCHS and 

N2-OMCHS, compared to the 1st cycle. The displacement in E½ is of 10 and 20 mV at these 

electrocatalysts, respectively, after ADT (Table 4.2). 

 

 

Fig. 4.9. Negative scan only of the CVs of the ORR at 2000 rpm (1st and 3000th cycles) at (a) OMCHS, (b) N1-

OMCHS, and (c) N2-OMCHS. Electrolyte: O2-saturated 0.5 mol L-1 KOH, scan rate = 5 mV s-1 at 2000 rpm. d) 

%HO2
- and e) n plots at the 3000th cycle. 
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In contrast, it is noteworthy to analyze the performance of N1-OMCHS. At this electrocatalyst, 

Eonset remains constant and E½ shifts 10 mV towards more positive potentials after ADT, which 

gives an insight into its high electrochemical stability. As a comparison, Eonset and E½ become 

40 and 30 mV more negative, respectively, at Pt/C after ADT (Table 4.2). In addition, j at 0.8 

V/RHE decreases after ADT as follows OMCHS > N1-OMCHS > Pt/C (41.6, 22.3, and 6.4 %, 

respectively), observing an increase only for N2-OMCHS (16 %) in j after ADT. In the case of 

n, there is also a clear increase after ADT, reaching almost a 4 e- value. These values show 

superior stability of the metal-free electrocatalysts compared with Pt/C, since here %HO2
- shows 

an almost 4-fold increase, while n falls to 3.84. 

 

The remarkable high stability of OMCHS, N1-OMCHS, and N2- OMCHS can be largely 

attributed to their mesoporous structure that keeps the active sites dispersed avoiding their 

agglomeration, contrary to what happens with the Pt/C electrocatalyst. Therefore, the 

mesoporous structure not only improves the kinetics and the mass transport of reagents/products 

in or out of the active sites but also maintains its features after potential cycling in alkaline media 

[39]. To understand the electrochemical stability and improved performance of OMCHS, N1-

OMCHS, and N2-OMCHS towards the ORR, their surface chemical composition after ADT has 

been analyzed by XPS. 

 

Figs. 4.10 a-c) show the high-resolution spectra in the C1s region of the metal-free 

electrocatalysts after the 3000th cycle. In this BE interval, the same eight signals detected prior 

to ADT have been identified, with the only difference being a variation in their relative 

concentration (Table 4.5). 

 

The relative concentrations of the Nafion-related species after ADT are 26.9, 25.2, and 16.7 

at. % for OMCHS, N1-OMCHS, and N2-OMCHS, respectively. This means that the relative 

concentration of the species due to the binder decreases at OMCHS and N2-OMCHS, remaining 

about the same at N1-OMCHS. It is hypothesized that a lower concentration of Nafion-species 

may contribute to the detachment of electrocatalyst during cycling, i.e., in the cases of OMCHS 

and N2-OMCHS. 
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Since only slight variations are observed in the relative atomic concentration of species in the C 

1s region at the electrocatalysts, the analysis has been extended to the high-resolution O 1s 

region (Fig. 4.11), which provides more detailed information about the modification of the 

oxidized species before and after ADT.   
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Table 4.5. XPS atomic relative concentration of the C 1s and N1s regions of OMCHS, N1-OMCHS, and N2-

OMCHS before (1st cycle) and after (3000th cycle) ADT. 

Samples State Species 

1st cycle 3000th cycle 

BE 

(eV) 

Relative 

concentration 

(at. %) 

BE 

(eV) 

Relative concentration 

(at. %) 

OMCHS C 1s C=C 284.68 56.12 284.83 57.82 

C 1s C-C 285.69 8.18 285.93 8.91 

C 1s C-O 286.60 4.33 286.89 4.44 

C 1s C=O 287.59 2.13 288.00 1.90 

C 1s CF2-SO3H 288.96 2.17 289.13 2.23 

C 1s CF 290.43 3.23 290.61 2.37 

C 1s CF2 291.80 20.68 292.24 17.67 

C 1s CF3 293.14 3.16 293.65 4.66 

N 1s NH4
+ 401.52 100 -- -- 

       

N1-OMCHS C 1s C=C 284.74 55.83 284.71 58.69 

C 1s C-C 285.74 10.57 285.71 11.27 

C 1s C-O 286.60 5.05 286.67 3.80 

C 1s C=O 287.57 2.84 287.69 1.06 

C 1s CF2-SO3H 288.94 2.59 289.55 0.80 

C 1s CF 290.29 2.95 291.02 1.30 

C 1s CF2 291.82 17.84 292.15 18.80 

C 1s CF3 293.20 2.33 293.46 4.28 

N 1s N-pyridinic 398.49 19.5 398.27 37.0 

N 1s N-pyrrolic/pyridone 400.89 54.5 400.77 51.1 

N 1s N-quaternary 401.90 26.0 401.90 11.9 

       

N2-OMCHS 

  
C 1s C=C 284.71 59.45 284.57 60.16 

C 1s C-C 285.84 9.05 285.53 15.79 

C 1s C-O 286.76 4.17 286.20 4.27 

C 1s C=O 287.83 1.96 287.07 3.08 

C 1s CF2-SO3H 289.11 2.42 289.14 1.60 

C 1s CF 290.48 3.02 290.76 0.63 

C 1s CF2 291.84 17.56 291.95 11.29 

C 1s CF3 293.25 2.37 293.14 3.18 

N 1s N-pyridinic 398.69 19.0 398.25 22.6 

N 1s N-pyrrolic/pyridone 400.94 61.3 400.43 51.8 

N 1s N-quaternary 402.55 19.7 401.85 25.6 
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Prior to ADT, OMCHS (Fig. 4.11a), N1-OMCHS (Fig. 4.11b), and N2-OMCHS (Fig. 4.11c) 

show three peaks at 532.3, 533.8 and 535.7 eV corresponding to C=O, SO3, C-O, and OCF2, 

respectively. N2-OMCHS (Fig. 4.11c) show the same species, with the addition of a fourth peak 

at 530.8 eV attributed to C=O. The presence of C-O and C=O is in good agreement with the 

results of the C 1s region of each electrocatalyst, while the SO3 and OCF2 peaks are functional 

groups of Nafion® [40]. 

 

The existence of these functional groups can provide a greater surface hydrophilic character, 

improving the electrocatalyst-electrolyte interaction [41]. Moreover, the electronegativity of 

oxygen attracts electrons from adjacent carbon atoms, giving them a partially positive charge 

that could improve the adsorption of intermediate oxygen species during the ORR [42]. 

 

 

Fig. 4.10. Deconvolution of the high-resolution XPS spectra of the N-doped OMCHS (catalyst inks). (a-c) 

C 1s and (d-f) N 1s region. 3000th cycle. 

 

Figs. 4.11 d-f) show the deconvolution of the high-resolution spectra in the O 1s region at the 

3000th cycle of the electrocatalysts. As can be observed, the relative concentration of the C=O, 

SO3, C-O, and OCF2, species change after ADT.  
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Fig. 4.11. XPS O 1s spectra of OMCHS, N1-OMCHS, and N2-OMCHS at the 1st and 3000 cycles. 

 

It should be noted that C=O emerges at OMCHS and N1-OMCHS after ADT. On this matter, 

the increase in the relative concentration of carbonyl species facilitates the pore filling by the 

electrolyte improving the electrode-electrolyte contact and thus the performance for the ORR 

[43]. On the other hand, the decrease in the relative intensity of the SO3 and OCF2 species can 

be due to the degradation of Nafion® during cycling. 

 

The deconvoluted N 1s region of the electrocatalysts at the 3000th cycle is shown in Figs. 4.10 

d-f). The OMCHS electrocatalyst no longer shows the signal due to NH4
+ (Fig. 4.10d), 

indicating that this species is neither stable nor strongly anchored on the electrocatalyst surface. 

Meanwhile, N1-OMCHS (Fig. 4.10 e) shows peaks at 398.27, 400.77, and 401.90 eV, attributed 

to N-pyridinic, N-pyrrolic/pyridone, and N-quaternary with a relative concentration of 37.0, 

51.1, and 11.9 at. %, respectively (Table 4.5). 

 

These results confirm that the nitrogen species are modified during potential cycling where 

possibly the C-N bonds of the N-quaternary species are broken leading to an increase in N-

pyridinic species, coupled with the formation of N-pyrrolic species at the expense of a decrease 

in N-pyridone species. Therefore, the relative concentration of two of the species that promote 

the catalytic activity for the ORR increases after ADT at N1-OMCHS. 
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The spectrum of N2-OMCHS after 3000 cycles in Fig. 4.10f shows peaks at 398.69, 400.94, 

and 402.55 eV, with a relative concentration of 22.6, 51.8, and 25.6 at. %. At this electrocatalyst, 

the relative concentration of N-pyridinic and N-quaternary species increases after ADT, likely 

due to a decrease in the concentration of N-pyrrolic/pyridine. Such change can be due to the 

oxidation of N-pyrrolic to N-quaternary during ADT [44]. The increase in the relative 

concentration of N-pyridinic and N-quaternary promotes a 4 e- pathway and decrease the 

production of HO2
-. Therefore, the electrochemical stability and enhancement in catalytic 

activity for the ORR of N1-OMCHS, and N2-OMCHS after ADT is related to the modification 

of their surface chemistry, particularly the N-species. 

 

 

Fig. 4.12. The mass catalytic activity of Pt/C, OMCHS, N1-OMCHS, and N2-OMCHS at 2000 rpm at (a) 

1st cycle and (b) 3000th cycle. 

 

Fig. 4.12 shows mass catalytic activity plots of the electrocatalysts. Before ADT, Pt/C has a 

Tafel slope of 63 mV decade-1, close to the value typically expected at low overpotentials (60 

mV decade-1). The N-doped OMCHS show lower Tafel slope values, indicating their activity to 

promote a fast ORR. Even though, their mass catalytic activity is lower than that of Pt/C. 

 

After ADT, the mass performance of Pt/C decreases, while that of OMCHS, N1-OMCHS, and 

N2-OMCHS remains in a similar value as before cycling, confirming their high electrochemical 

stability. In terms of mass loading, N2-OMCHS shows a higher performance before and after 

ADT compared to the two other metal-free electrocatalysts.  
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4.5. Conclusions 

The most relevant conclusions of this work are the following: 

 

• It is confirmed that the structural and textural properties, morphology, and surface chemical 

composition of the metal-free electrocatalysts are directly associated with the nitrogen 

precursor used during synthesis. 

 

• The incorporation of nitrogen species promotes the formation of N-doped OMCHS 

structures with greater crystallinity compared to the undoped electrocatalyst. 

 

• The high performance of N1-OMCHS and N2-OMCHS electrocatalysts after ADTs is due 

to the modification of the nitrogen species during potential cycling. For example, N1-

OMCHS shows remarkable high stability due to the modification of N-quaternary to N-

pyridinic species, while the N-pyrrolic species oxidizes to N-quaternary at N2-OMCHS. 

 

• This work is a first approximation to evaluate the potential use of N-doped OMCHS as 

cathode electrocatalysts for Anion Exchange Membrane Fuel Cells applications. The 

performance of all the metal-free electrocatalysts for the ORR is still lower than that of 

commercial Pt/C. However, N-doped OMCHS electrocatalysts have remarkably high 

stability, overcoming Pt/C on this issue.  
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CHAPTER V.  

Influence of the sulfur and nitrogen species on catalytic activity to the ORR of N-

S-co-doped OMCHS after ADT: a study of the performance and stability 

5.1. Physicochemical characterization of N-S-doped OMCHS 

Fig. 5.1 displays the Raman spectra of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS, having 

the typical signals of carbon-based materials: i) D band at ca. 1329 cm-1 related to lattice 

disorder, attributed to the C-C vibrations of the sp3 defect sites; and ii) the G signal at ca. 1588 

cm-1 corresponding to sp2 hybridization from C=C bonds (graphitized lattice) due to π 

interactions [1, 2]. The Raman spectral analysis grants the evaluation of the disorder and defects 

in carbon materials through the measurement of the D and G intensity ratio. The ID/IG ratios of 

S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS are 1.57, 1.67, and 1.84, respectively. 

 

 
Fig. 5.1. Raman spectra of (a) S-OMCHS, (b) N1-S-OMCHS, and (c) N2-S-OMCHS. The G, D, D’, and D* 

bands were fitted with a Lorentzian function, whereas the D’’ band was fitted with a Gaussian function. 

 

It can be noticed that the ID/IG ratio increases when the carbon structures are co-doped with 

nitrogen and sulfur species. These are higher than those of OMCHS, N1-OMCHS, and N2-

OMCHS in Chapter 4 (1.51, 1.44, and 1.32, respectively). This feature suggests that using two 

different heteroatoms as dopants promotes the formation of less ordered structures. The 

substitutional co-doping influences the OMCHS, expanding their lattice due to the presence of 

aromatic groups and sp3 bonds, which increases the intensity of the D interband (defective sites). 

Nevertheless, it is necessary to re-examine whether the ID/IG ratio provides accurate information, 

especially in high amorphous carbon because attenuates all the Raman interbands [3, 4]. 

 

The Raman deconvolution spectra have been investigated to find alternatives to the ID/IG ratio 

showing the formation of five interband: D’ (ca. 1607 cm-1), D” (ca. 1510 cm-1), and D* (ca. 
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1173 cm-1) interbands. The D’ interband correspond to stretching vibrations of aromatic rings 

in graphite crystallites shielded by oxygen functional groups or attached to edge carbon atoms. 

Meanwhile, the D” interband is explained by asymmetric vibrational stretching modes of sp2 

carbons near defects, causing out-of-plane deformations. Nevertheless, the origin of the D” 

interband is still discussed [5–9]. The ID”/IG ratios are increasing in the order S-OMCHS < N2-

S-OMCHS < N1-S-OMCHS (0.23 < 0.32 < 0.41, respectively). This increase in ID”/IG ratios is 

in accord with the investigation by Claramunt et al. show that the intensity of the G interband 

decreases when the intensity of the D” interband increases [10]. 

 

Meanwhile, the D* interband can be attributed to amorphous impurities in the graphitic lattice, 

adsorbed ions, or stretching vibrations of the sp2-sp3 bonds of polyene-like structures [11–13]. 

The ID*/IG ratio intensity is 0.06, 0.24, and 0.18 for S-OMCHS, N1-S-OMCHS, and N2-S-

OMCHS, respectively. N1-S-OMCHS shows the highest ID”/IG and ID*/IG ratios indicating a 

high defects number, indicating a high number of defects, favouring oxygen chemisorption by 

interrupting π conjugation on the electrocatalyst surface [14–16]. 

 

The XRD patterns of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS are shown in Fig. 5.2a). 

The three patterns show two well-defined peaks, the first at 2θ around 23-25°, which are 

assigned to the (002) plane of the graphite interlayer. The second peak at ~44° (2θ ) corresponds 

to the (101) graphite plane [17]. A slight shift towards a higher angle is observed for the (002) 

plane by more than 1° (2θ) in the N/S co-doped OMCHS when compared to S-OMCHS 

electrocatalyst. This displacement of the (002) plane indicates a decrease in the interlayer 

distance of the N/S-doped OMCHS electrocatalysts.  

 

When comparing the (002) plane of the S-OMCHS and N/S-doped OMCHS with the 

electrocatalysts of the previous chapter (OMCHS and N-doped OMCHS), two observations can 

be made: i) S-OMCHS shows a shift in the (002) plane compared to OMCHS, and ii) N1-S-

OMCHS and N2-S-OMCHS have the most important displacement regarding that reflection, 

which confirm the important lattice contraction when co-doping OMCHS. The carbons 

materials that are obtained at a lower temperature of synthesis, lower rate of temperature 

increase during the pyrolysis and short time of annealing are characterized by greater interplanar 

distances [18–19]. 
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Fig. 5.2b) shows the N2 adsorption/desorption isotherms of the metal-free electrocatalysts, 

which show a hysteresis loop characteristic of type IV(a) isotherms. The N1-S-OMCHS and 

N2-S-OMCHS show an H1-type hysteresis, indicating the presence of a mesopore framework 

with a uniform size, which is characteristic of mesoporous materials [20, 21]. On the other hand, 

the S-OMCHS isotherm shows a combination of H2(a) and H3-type hysteresis. As mentioned 

in the previous chapter, this behavior within P/P0 intervals of 0.40 to 0.79 and 0.80 to 0.90 is 

attributed to the initial filling of the mesoporous of the shell, followed by the adsorption of N2 

in the hollow core [22, 23]. 

 

 

Fig. 5.2. (a) XRD patterns, (b) N2 adsorption-desorption isotherms, and (c) BJH desorption pore size 

distribution of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS. 

 

The textural properties of the metal-free electrocatalysts are summarized in Table 5.1. The 

specific surface area (SSADFT) is 1007, 283, and 622 m2 g-1 for S-OMCHS, N1-S-OMCHS, and 

N2-S-OMCHS, respectively. Co-doping results in a significantly lower SSADFT (particularly for 

N1-S-OMCHS) while doping only with the S heteroatom increases it to a value even higher than 

that of non-doped OMCHS (810 m2 g-1, Chapter 4). 
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The average pore size distribution curves (Fig. 5.2c) show the existence of rough nanopores (1.9 

nm) in S-OMCHS, with large mesopores centred at 4.8 nm, which pore size is in the shell of the 

carbon spheres. Meanwhile, N1-S-OMCHS and N2-S-OMCHS have an average pore size 

distribution centred at 4.4 and 4.0 nm, respectively, indicating their mesoporous nature in the 

shell. These are higher than those of OMCHS, N1-OMCHS and N2-OMCHS (2.0, 1.7, and 1.7 

nm, respectively, Chapter 4). The pore volume is 1.88, 0.43, and 0.91 cm3 g-1 for S-OMCHS, 

N1-S-OMCHS, and N2-S-OMCHS, respectively. S-OMCHS shows a higher pore volume even 

higher than that of OMCHS (1.37 cm3 g-1, Chapter 4). Moreover, N/S co-doped OMCHS have 

the lowest pore volume than those of N1-OMCHS and N2-OMCHS (0.94 and 1.11 cm3 g-1, 

Chapter 4).  

 

These results suggest that the mixture of 2-pyridinecarboxaldehyde/2-thiophenemethanol and 

pyrrole/2-thiophenemethanol as nitrogen/sulfur sources are responsible for the variations in the 

SSADFT and pore features. The combination of these nitrogen/sulfur sources can form non-

graphitic carbon structures after pyrolysis, and these have a higher tendency to collapse resulting 

in higher pore size and lower SSADFT [24, 25]. 

 
Table 5.2. Textural, and morphological features of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS. 

Sample 
SSADFT 

Average pore 

size 
Pore volume 

Average 

diameter 
Wall thickness 

(m2 g-1) (nm) (cm3 g-1) (avg., nm) (avg., nm) 

S-OMCHS 1007 1.9 1.88 262 ± 15 45 

N1-S-OMCHS 283 4.4 0.43 260 ± 19 46 

N2-S-OMCHS 622 4.0 0.91 --a --a 

--a: not determined 

 

FE-SEM images of S-OMCHS and N1-S-OMCHS are shown in Figs. 5.3 a-b), both having a 

well-defined morphology of rough nanospheres. Nevertheless, the spheres forming N1-S-

OMCHS are rougher and more irregular in shape than that of S-OMCHS, a relevant feature 

attributed to the co-doping with both heteroatoms. The micrograph of N1-S-OMCHS shows 

several spheres broken due to the leaching of the hard core. Even though, the average diameter 

of both electrocatalysts is rather similar (Table 5.1). Figs. 5.3c-d) show TEM images of S-

OMCHS and N1-S-OMCHS, respectively, at which the effect of co-doping with sulfur-nitrogen 

compared to mono-heteroatom doping on their morphology is more clearly observed. The rough 
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sphere of S-OMCHS shows a relatively thin hollow-shell interface and a rather homogeneous 

wall thickness. 

 

 

Fig. 5.3. FE-SEM and TEM images of (a, c) S-OMCHS and (b, d) N1-S-OMCHS. 

 

On the contrary, N1-S-OMCHS has an irregular wall with some pits in the outer layer, along 

with a less defined and thicker hollow-shell interface. This morphology resembles that of N1-

OMCHS (Chapter 4). These features are responsible for the low SSADFT value of N1-S-

OMCHS. However, the wall-thickness is about the same for both electrocatalysts (Table 5.1). It 

was not possible to obtain FE-SEM and TEM images of the N2-S-OMCHS electrocatalyst. 

 

5.2. Catalytic activity of the N/S co-doped OMCHS for the ORR 

Fig. 5.4a) shows the CVs of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS, with a semi-

rectangular shape that indicates an effect of electronic double-layer capacitance by non-faradaic 

processes. The j values of S-OMCHS are higher compared with the two other electrocatalysts, 

in good accordance with its higher SSADFT. In the case of the co-doped electrocatalysts, there is 

a discrepancy between the j generated and SSADFT value. Although N1-S-OMCHS has the 

smallest surface area, it delivers a higher j than N2-S-OMCHS, which suggests that other surface 

phenomena besides SSADFT influences the electrochemical behavior of the co-doped 
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electrocatalysts (e.g., enhanced electrocatalyst-electrolyte interactions). N2-S-OMCHS 

generates a lower j than N2-OMCHS (Chapter 4), indicating that the use of these sources of 

heteroatoms may hinder such electrocatalyst-electrolyte interaction reducing its electrochemical 

performance. Meanwhile, N1-S-OMCHS has about the same behavior as N1-OMCHS in 

Chapter 4. 

 

 

Fig.5.4. (a) CVs of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS were collected at 20 mV s-1. Electrolyte: 

N2-saturated 0.5 mol L-1 KOH. (b) Negative scan only of the CVs of the ORR at 2000 rpm of S-OMCHS, 

N1-S-OMCHS, N2-S-OMCHS, and Pt/C. Electrolyte: O2-saturated 0.5 mol L-1 KOH. (c) %HO2
-, and (d) n 

plots at the electrocatalysts. 

 

Polarization curves of the ORR at 2000 rpm of the metal-free and Pt/C electrocatalysts are 

shown in Fig. 5.4b). The Eonset at 1st cycle (0.88 V/RHE, Table 5.2) of S-OMCHS is more 

positive than those of N1-S-OMCHS and N2-S-OMCHS, confirming the advantageous effect 

of the S heteroatom on this electrochemical parameter. The Eonset of S-OMCHS is more positive 

also than that of some recent works of S-doped carbon materials. Several groups have reported 

Eonset values of S-doped porous graphene frameworks (0.77 V/RHE [26]), S-doped reduces 

graphene oxide (0.74 V/RHE [27]), S-doped carbon nanohorns (0.60 V/RHE [28]), and S-doped 

ordered mesoporous carbon (0.85 V/RHE [29]). 
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Meanwhile, the Eonset values of N1-S-OMCHS and N2-S-OMCHS (0.86 and 0.85 V/RHE, Table 

5.2) are lower and in one case similar to those of some recent works of N/S co-doped carbon 

materials, i.e., N/S co-doped porous carbon nanosphere (1.01 V/RHE [30]), N/S self-doped 

biocarbon (0.88 V/RHE [31]). N/S co-doped granular carbon (0.85 V/RHE [32]), N/S-doped 

carbon nanotubes (0.95 V/RHE [33]), N/S-doped porous carbons (0.91 V/RHE [34]). 

 
Table 5.2. Electrochemical parameters of the ORR at N/S co-doped OMCHS at the 1st and after 3000th cycles. 

Samples 

Eonset E½ j at 0.8 V/RHE 
HO2

- 

at 0.4 V/RHE 
n 

at 0.4 V/RHE 
(V/RHE) (V/RHE) (mA cm-2) (%) 

1st 3000th 1st 3000th 1st 3000th 1st 3000th 1st 3000th 

S-OMCHS 0.88 0.88 0.81 0.82 -1.49 -1.69 2.4 1.11 3.95 3.97 

N1-S-OMCHS 0.86 0.88 0.78 0.78 -0.60 -0.72 1.0 1.90 3.97 3.96 

N2-S-OMCHS 0.85 0.84 0.77 0.76 -0.42 -0.30 3.2 4.10 3.93 3.91 

 

Table 5.2 shows the 1st cycle E½ values of the S-doped and N/S co-doped OMCHS 

electrocatalyst. It is 30 and 40 more positive at S-OMCHS (0.81 V/RHE) compared to N1-S-

OMCHS (0.78 V/RHE) and N2-S-OMCHS (0.77 V/RHE), respectively. Moreover, the j values 

at 0.8 V/RHE (Table 5.2, 1st cycle) are -1.49, -0.60, and -0.42 mA cm-2 for S-OMCHS, N1-S-

OMCHS, and N2-S-OMCHS, respectively. However, considering the electrochemical 

parameters so far discussed, S-OMCHS has a higher catalytic activity than the co-doped 

electrocatalysts. N1-S-OMCHS generates the highest j at potentials more negatives than ca. 0.75 

V/RHE (Fig. 5.4b), which indicates a high performance for the reaction as well, even though 

such relevant values are at high overpotentials. 

 

 

Fig. 5.5. 1st cycle polarization and ring current potential curves of the ORR at (a-d) S-OMCHS, (b-e) N1-S-

OMCHS, and (c-f) N2-S-OMCHS performed in O2-saturated 0.5 mol L-1 KOH, at a scan rate of 5 mV s-1. 
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Figs 5.5a-c) show 1st cycle polarization curves of the ORR at several rotation rates. The three 

electrocatalysts show kinetic, mixed, and diffusion-controlled characteristic regions of the ORR. 

Moreover, Figs 5.5d-e) shows plots of ring current at the same rotation rate of the ORR. From 

the data of the ORR polarization curves and ring current plots obtained at 2000 rpm, the %HO2
- 

and n values are obtained. 

 

The %HO2
- and n values of N2-S-OMCHS are the highest in Table 5.2, even though it is not a 

poor performance. These results imply that the ORR at S-OMCHS, N1-S-OMCHS, and N2-S-

OMCHS follows a 4e- transfer mechanism, with a very low %HO2
- yield. It should be mentioned 

that the electrocatalysts shown in this work outperform other carbon-based electrocatalysts in 

terms of %HO2
- and n values, as shown in Table 5.3. 

 
Table 5.3. Comparison of catalytic performance for the ORR in terms of the Eonset, E½, %HO2

-, and n of 

recently reported non-platinum electrocatalysts. 

Catalyst 
Eonset E½ HO2

- 

n Reference 
(V/RHE) (V/RHE) (%) 

Meso-Fe-N-C 0.95 0.85 --a 3.95 ACS Catal. 2021 (11) 74-81 

NiCo alloy N-doped 

graphene 
0.81 0.66 <20 3.71 J Mater Sci 2020 (55) 15454-15466 

Co-N-S-tri-doped carbon 0.95 0.72 25 3.5 J. Electrochem. Soc. 2020 (167) 024520 

N-doped graphene 0.99 0.84 5 3.92 
Int. J. Hydrogen Energy. 2020 (45) 

32402-32412 

--a: not determined 

 

Contrary to the expectations, the N/S co-doped OMCHS show a lower catalytic activity for the 

ORR than S-doped OMCHS. This suggests that although the N/S co-doped OMCHS have a 

higher number of defects (ID*/IG and ID”/IG ratios), it does not guarantee a better catalytic activity 

as mentioned before. However, their catalytic performance is well. 

 

5.3. Surface chemical composition of S-doped and N/S-doped OMCHS before ADT 

The surface chemical composition of powders of S-OMCHS, N1-S-OMCHS, and N2-S-

OMCHS, determined by XPS, is shown in Table 5.4. The electrocatalysts are formed by carbon 

(C 1s), oxygen (O 1s), sulfur (S 2p), and nitrogen (N 1s) in the case of the co-doped, confirming 

the incorporation of the heteroatoms during the in-situ doping. 

 

The carbon concentration in S-OMCHS is around 95 at. %, while for N1-S-OMCHS and N2-S-

OMCHS is about 90 at.%. The oxygen concentration increases in the order S-OMCHS < N2-S-



 

 
68 

 

OMCHS < N1-S-OMCHS. Meanwhile, the sulfur content is rather low, with a similar 

concentration in S-OMCHS and N1-S-OMCHS (0.2 at. %), which is less at N2-S-OMCHS (0.1 

at. %). Moreover, the nitrogen content of N1-S-OMCHS is higher than that of N2-S-OMCHS 

(1.2 and 0.9 at. %, respectively). Thus, a successful co-doping with heteroatoms has been 

achieved, even though, with a low concentration, particularly that of S-species. No silicon has 

been detected, an indication of an effective leaching of the hard core, in good agreement with 

the micrographs of Fig. 5.3. 

 

Deconvolution of the high-resolution C 1s, S 2p, and N 1s regions of the electrocatalysts before 

ADT are depicted in Fig. 5.6. Catalyst inks have been characterized (i.e., containing Nafion® 

solution), aiming to assure a similar evaluation of the electrocatalysts after ADT which is shown 

below (see Section 3.5). Eight peaks at different binding energy (BE) are identified in the C 1s 

region (Fig. 5.6a-c), corresponding to C=C sp2 hybridization (284.7 eV), C-C sp3 hybridization 

(285.7 eV), C-O (286.6 eV), C=O (287.6 eV), CF2-SO3H (288.96 eV), CF (290.3 eV), CF2 

(291.9 eV), and CF3 (293.4 eV). The fluorine species are due to the presence of the Nafion® 

solution [35]. 

 

As can be seen, S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS are predominantly composed 

of C=C bonds (53.8, 50.5, and 48.0 at. %, respectively, Table 5.5), indicating a partially graphitic 

structure, which agrees with the Raman results. Moreover, the relative concentration of C-O 

species is similar at S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS (4.4 at. %, 4.7 at. %, and 

4.3 at. %, respectively. Table 5.5). On the contrary, the relative concentration of C=O species is 

higher at S-OMCHS, compared to the co-doped electrocatalysts. On this matter, the relative 

concentration of C-O species is higher than that of C=O bonds at the electrocatalysts, which is 

ascribed to their surface functionalization with methanol. It can also be observed that the relative 

concentration of F-species attributed to Nafion® is similar in all electrocatalysts (Table 5.5). 

 

Figs. 5.6d-f) show the deconvolution of the high-resolution spectra in the S 2p region of 

electrocatalysts, all of them showing two intense peaks at BE = 168.22 and 169.41 eV, which 

are attributed to the S 2p1/2 and S 2p3/2, states respectively, due to spin-orbit splitting of HSO3. 

The presence of these species is ascribed to a functional group of Nafion® [36, 37]. In the case 

of S-OMCHS, a small peak is observed at 163.88 eV attributed to the presence of thiophene-S 
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species (C-S bonds). Typically, thiophene bonds are detected in S-doped carbon nanostructures, 

even though, in this case, its intensity is rather low [38]. Such species are not observed at the 

spectra of N1-S-OMCHS and N2-S-OMCHS, probably overshadowed by the HSO3 species of 

Nafion® and probably by some effect of the N-species as well. 

 

 

Fig.5.6. Deconvoluted high-resolution XPS spectra of S-OMCHS, N1-S-OMCHS, N2-S-OMCHS. (a-c) C 

1s region, (d-f) S 2p region, and (g-f) N 1s region. The analysis has been performed on catalyst inks, i.e., 

containing Nafion® solution. Plots form the 1st cycle. 

 

Figs. 5.6g-h) shows the deconvoluted N 1s region of N1-S-OMCHS and N2-S-OMCHS. Three 

peaks have been identified at about the same BE in both electrocatalysts (Table 5.5), which 

corresponds to N-pyridinic, N-pyrrolic/pyridone, and N-quaternary species, respectively [39]. 

These results confirm the successful doping of N1-S-OMCHS and N2-S-OMCHS with S and N 

species. 
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Table 5.5. XPS atomic relative concentration (RC) of the C 1s, S 2p, and N1s regions of electrocatalysts 

before (1st cycle) and after (3000th cycle) ADT. 

Samples State Species 

1st cycle 3000th cycle 

BE 

(eV) 

RC  

(%) 

BE 

(eV) 

RC 

(at. %) 

S-OMCHS C 1s C=C 286.76 53.8 284.75 65.3 

C 1s C-C 285.72 6.1 285.54 1.6 

C 1s C-O 286.61 4.4 286.41 4.9 

C 1s C=O 287.67 2.8 287.16 2.6 

C 1s CF2-SO3H 288.93 2.7 289.17 5.1 

C 1s CF 290.29 3.4 290.72 1.5 

C 1s CF2 291.93 24.3 292.14 16.5 

C 1s CF3 293.42 2.5 293.62 2.4 

S 2p HSO3 168.22 60.3 168.53 67.2 

  169.41 37.2 169.94 28.0 

 S 2p C-S 163.88 2.6 163.84 4.8 

N1-S-OMCHS C 1s C=C 284.81 50.5 284.75 51.5 

C 1s C-C 285.84 9.6 285.71 10.1 

C 1s C-O 286.77 4.7 286.64 4.7 

C 1s C=O 287.74 1.4 287.50 1.8 

C 1s CF2-SO3H 288.94 4.0 288.69 2.7 

C 1s CF 290.20 2.4 290.10 2.7 

C 1s CF2 291.54 23.9 291.59 22.5 

C 1s CF3 292.94 3.4 293.13 4.1 

S 2p HSO3 167.86 60.2 167.92 64.1 

 169.11 39.8 169.1 35.9 

N 1s N-pyridinic 398.56 15.8 398.21 16.1 

N 1s N-pyrrolic/pyridone 400.1 11.0 399.72 11.7 

N 1s N-quaternary 401.74 73.2 401.22 53.7 

N 1s Oxidized-N -- -- 402.41 18.6 

N2-S-OMCHS 

  
C 1s C=C 284.74 48.0 284.80 44.4 

C 1s C-C 285.73 8.7 285.73 9.4 

C 1s C-O 286.69 4.3 286.66 4.9 

C 1s C=O 287.75 1.3 287.63 2.2 

C 1s CF2-SO3H 288.99 3.6 288.95 2.4 

C 1s CF 290.23 2.8 290.40 1.7 

C 1s CF2 291.58 27.8 291.99 27.4 

C 1s CF3 292.99 3.6 293.42 7.5 

S 2p HSO3 167.95 68.3 168.51 65.9 

  169.2 31.7 167.72 34.1 

N 1s N-pyridinic 398.5 16.8 398.38 22.0 

N 1s N-pyrrolic/pyridone 400.1 11.4 399.86 14.6 

N 1s N-quaternary 401.8 71.8 401.14 45.2 

 N 1s Oxidized-N -- -- 402.4 18.2 
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As observed, the combination of 2-thiophenemethanol with 2-pyridinecarboxaldehyde and 

pyrrole promotes the formation of N-quaternary over the two other N-species, with a relative 

concentration of 73.2 and 71.8 at. % at N1-S-OMCHS and N2-S-OMCHS, respectively (Table 

5.5). The preferential formation of N-quaternary during co-doping is interesting and differs from 

the results observed for single-doped N1-OMCHS and N2-OMCHS (Chapter 4), at which N-

pyridone and N-pyrrolic species are mainly formed (i.e., the corresponding N-species because 

of the use of 2-pyridinecarboxaldehyde or pyrrole as a source of nitrogen). Therefore, there is a 

strong chemical interaction between the heteroatoms during doping, which affects their relative 

concentration. 

 

As commented, spectra in Fig. 5.6 have been obtained from catalyst inks, i.e., samples 

containing Nafion®. Aiming to evaluate the S 2p region in the absence of such a solution, powder 

without Nafion® of the electrocatalysts have been analyzed. Fig. 5.7 depicts the deconvolution 

of the high-resolution spectra of the S 2p region of the electrocatalysts. S-OMCHS fits into two 

signals at BE = 163 and 164 

 

Fig. 5.7 depicts the deconvolution of the high-resolution spectra in the S 2p region of the 

electrocatalysts powder. S-OMCHS were fit to two components at ca. BE = 162.8 and 164.1 

eV, corresponding to thiophene-S species. N1-S-OMCHS shows three signals at BE = 168.1, 

169.5, and 164.2 eV, ascribed to oxidized-S (C-Sox-C) and thiophene-S (the one at lower BE) 

species, respectively. Meanwhile, N2-S-OMCHS has two peaks attributed to oxidized-S species 

at 168.2 and 169.5 eV [28, 40]. 

 

 

Fig.5.7. Deconvoluted high-resolution spectra of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS in the S 

2p region. 



 

 

 

72  

Thus, it is confirmed that S-species are formed at the electrocatalysts from their doping with 2-

thiophenemethanol. It has been reported that thiophene-S and oxidized-S species enhance the 

catalytic activity of S-doped carbon electrocatalysts for the ORR [41, 42]. Even more, it is 

acknowledged that the ORR follows a different path in S-doped metal-free electrocatalysts 

compared to N-doped because sulfur and carbon have a similar electronegativity. It has been 

proposed that spin density is a dominant factor in the enhancement of the catalytic activity of S-

doped carbon electrocatalysts for the ORR [36]. 

 

The work by Perazzolo et al. shows that thiophene groups increase the surface hydrophobicity 

and induce strain in defect sites, also facilitating the charge transfer during the ORR [43]. Wang 

et al. mention that small concentrations of S-species are can significantly promote the catalytic 

activity for the ORR (e.g., Eonset more positive than non-doped and n = 3.8) [29]. 

 

Wang et al. report that the high catalytic activity of S-doped carbon electrocatalysts for the ORR 

can be attributed to the bonding between S and benzene rings, or S sharing conjugate planar 

systems with delocalized p-electrons from the carbon lattice forming -C-S-C- species [26]. In 

this context, the high catalytic activity of S-OMCHS at low overpotentials can be attributed in 

part to the presence of thiophene-S species. Similarly, N1-S-OMCHS also shows high 

performance for the reaction, which can be ascribed to the thiophene-S and N-species developed 

during its co-doping, despite its lower SSADFT. N2-S-OMCHS has the lowest catalytic activity 

for the ORR, probably due to the absence of thiophene-S species in its structure, having C-SOx-

C-species only, along with those due to N. 

 

5.4. Catalytic activity for the ORR and surface chemical composition of S doped and N/S co-

doped OMCHS after ADT 

Figs. 5.8a-c) depict the polarization curves of the ORR at the S-OMCHS, N1-S-OMCHS, and 

N2-S-OMCHS electrocatalysts in the 1st and 3000th cycles. After ADT, Eonset of S-OMCHS 

remains constant, while E½ shifts by 10 mV to a more positive value. Meanwhile, Eonset of N1-

S-OMCHS shifts to 20 mV to more positive potentials, with E½ maintaining the same value 

compared to the 1st cycle. In contrast, Eonset and E½ are displaced by 10 mV towards more 

negative potentials after ADT at N2-S-OMCHS. In addition, j at 0.8 V/RHE increases 13.4 and 

20.0 % after ADT at S-OMCHS and N1-S-OMCHS, respectively, decreasing in the case of N2-



 

 

 

73  

S-OMCHS after ADT. Therefore, the S-OMCHS and N1-S-OMCHS show higher 

electrochemical stability after ADT than N2-S-OMCHS. 

 

In the case of the HO2
- yield (Fig. 5.8d), the values are less than 2.5 % at S-OMCHS and N1-S-

OMCHS. Contrary, N2-S-OMCHS have values higher than 4 %. Moreover, the three 

electrocatalysts have been close to 4e- (Fig. 5.8e). However, S-OMCHS has the highest value 

of n at 0.4 V/RHE (3.97, Table 5.2) followed by N1-S-OMCHS and N2-S-OMCHS (3.96 and 

3.91, respectively. Table 5.2). Thus, N1-S-OMCHS shows the highest stability after ADT in 

terms of Eonset, E½, %HO2
-, and n. When comparing the electrochemical performance of N/S co-

doped OMCHS after ADT, it is observed that they are more stable than N-doped OMCHS, which 

denotes a significant effect on performance with the addition of 2-thiophenemethanol as a sulfur 

source. 

 

 

Fig. 5.8. Negative scan only of the CVs of the ORR at 2000 rpm (1st and 3000th cycles) at (a) S-OMCHS, 

(b) N1-S-OMCHS, and (c) N2-S-OMCHS. Electrolyte: O2-saturated 0.5 mol L-1 KOH, scan rate = 5 mV s-1 

at 2000 rpm. d) %HO2
- and e) n plots at the 3000th cycle. 

 

Perazzolo et al. report that after ADT, the surface concentration of N functional groups decreases 

because of their higher liability compared to thiophene groups, leading to an increase in the 

surface of carbon and a decrease in the limiting current of the ORR [44]. Besides, Liang et al. 

suggest that strong bonding between N, S, and C improves the chemical and mechanical 

properties of the latter, enhancing its electrochemical stability [45]. In this context, the high 
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stability showed for S-doped and N/S co-doped OMCHS are possible due to a strong interaction 

bonding between the N, S, and C atoms that prevent the loss of N functional groups. Moreover, 

polarization curves of the ORR before and after ADT in Figs. 5.8a-c) show that the limiting 

current (in the range of 0.8 to 0.05 V vs RHE) varies only slightly at S-OMCHS, N1-S-OMCHS, 

and N2-S-OMCHS, suggesting that the losses of S and N species at the electrocatalysts are low, 

thus sustaining a similar catalytic activity as that of the 1st cycle. 

 

Aiming to explain the performance and electrochemical stability of S-OMCHS, N1-S-OMCHS, 

and N2-S-OMCHS after ADT, an analysis of their surface chemical composition has been 

performed by XPS. Figs 5.9a-c) show the high-resolution spectra in the C 1s region of the 

electrocatalysts after the 3000th cycle. Eight signals are observed, which correlate with those 

before ADT (Figs. 5.6a-c), even though with some variations in their relative concentration 

(Table 5.5). The C=C bonding increases at S-OMCHS and N1-S-OMCHS (65.3 and 51.5 at. %), 

meanwhile, N2-S-OMCHS decreases  

 

The relative concentration of the Nafion-related species after ADT decreases a 22 and 5 % for 

S-OMCHS and N1-S-OMCHS, respectively. N2-S-OMCHS maintains a relative concentration 

like that before ADT. These values indicate that in the co-doped OMCHS, there is better 

interaction between the binder and the electrocatalyst, decreasing the detachment of the 

electrocatalyst during ADT. 

 

The deconvoluted S 2p region of the electrocatalysts at the 3000th cycle is shown in Figs. 5.9d-

f). The S-OMCHS electrocatalyst shows a signal at 163.98 eV due to thiophene-S species. The 

peak is more intense after ADT compared to that of the 1st cycle (Fig. 5.6d). Therefore, this 

species not only remains, rather but its relative concentration increases also from 2.6 before to 

4.8 at. % after cycling (Table 5.5). Such thiophene-S species are not observed at N1-S-OMCHS 

and N2-S-OMCHS. Meanwhile, the signals corresponding to the SO3 species of Nafion® at the 

2p3/2 and 2p1/2 states are still observed at the electrocatalysts [46]. 

 

The high-resolution spectra of the N 1s region of N1-S-OMCHS and N2-S-OMCHS after 3000 

cycles (Figs. 5.9g-h) show four peaks at ca. 398.4, 399.9, 401.2 and 402.4 eV, which are related 

to N-pyridinic, N-pyrrolic/N-pyridone, N-quaternary, and oxidized-N [47]. It should be noticed 

that oxidized-N species have not been detected during analysis of the 1st cycle (Figs. 5.6g-h and 
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Table 5.5). Rather, this species is formed from the 3000 cycles at which N1-S-OMCHS and N2-

S-OMCHS are submitted, with a similar relative concentration in both cases. To a greater or 

lesser extent, there is an increase in the relative concentration of N-pyridinic and N-pyrrolic/N-

pyridone species at N1-S-OMCHS and N1-S-OMCHS after cycling. Moreover, the relative 

concentration of N-quaternary shows an important decrease at both electrocatalysts after ADT 

(Table 5.5) 

 

 

Fig. 5.9. Deconvolution of the high-resolution XPS spectra of the N/S-doped OMCHS (catalyst inks). (a-c) 

C 1s, (d-f) S 2p, and (g-h) N 1s region. 3000th cycle. 

 

After performing ADT, Perazzolo et al. have found that the most stable nitrogen species is the 

N-quaternary, N-pyridine and N-pyrrole show higher stability [44]. The results shown in this 

work disagree form those of Ref. [44], in the sense that the relative concentration of N-

quaternary decreases drastically after ADT, while that of N-pyridine and N-pyrrole increases 
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(more clearly at N2-S-OMCHS). The emergence of the oxidized-N species, along with the 

increase in N-pyridine and N-pyrrole suggests that N-quaternary has been oxidized after ADT. 

Therefore, these can be explained to the stability or modifications of the nitrogen species, as 

well as to an interaction between the N, S, and C atoms that contribute to the electrochemical 

stability of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS after ADT  

 

Fig. 5.10 shows the high-resolution O 1s region of the electrocatalysts before and after cycling. 

The aim is to obtain more detailed information on the behavior of the oxygen species. Before 

ADT, S-OMCHS (Fig. 5.10a) shows three peaks at 531.9, 533.4, and 535.5 eV, ascribe to SO3, 

C-O, and OCF2, respectively. In addition to these species, N1-S-OMCHS and N2-S-OMCHS 

show another peak attributed to C=O bonds (531.1 eV). The SO3 and OCF2 peaks are functional 

groups of Nafion® [48]. 

 

 

Fig. 5.10. High-resolution O 1s spectra of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS at the 1st and 

3000th cycles. 

 

After ADT, the peak due to C=O bonds emerges at S-OMCHS (Fig. 5.10d), which indicates the 

important interaction of oxygen species with carbon sites from cycling the electrocatalyst. The 

presence of C=O species contributed to the most electrocatalytic activity since these functional 

groups generate more active sites for the ORR than C-O as reported by Chen et al. [49]. The 

DFT studies that having C-O and C=O on the carbon lattice, generates a charge redistribution, 

positively generating carbon atoms that would function as active sites for the adsorption of 
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intermediate species of the ORR [46, 50]. This could be a determining factor due to the high 

oxygen content present in electrocatalysts, especially at S-OMCHS. 

 

Fig.5.11a) shows the mass catalytic activity plots before ADT of the electrocatalysts discussed 

in this Chapter. S-OMCHS has a Tafel slope of 40 mV decade-1, while those of N1-S-OMCHS 

and N2-S-OMCHS are 45 and 43 mV decade-1, respectively. These values are also lower than 

that of Pt/C in Fig. 4.12, demonstrating the high catalytic activity for the ORR of the metal-free 

electrocatalysts. After ADT (Fig. 5.11b), there is a slight increase in the Tafel slope. Moreover, 

the mass current density is similar at the 3000th cycle compared to those at the 1st, confirming 

the high electrochemical stability of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS. 

 

 

Fig. 5.11. Mass catalytic activity of S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS at 2000 rpm at (a) 1st 

cycle and (b) 3000th cycle. (c) The mass current density of S-doped, N/S co-doped, N-doped, and non-doped 

OMCHS at 0.8 V/RHE. 

 

For comparison purposes, those of the electrocatalysts characterized in Chapter 4 are also shown 

in Fig. 5.11c). It is observed that N2-OMCHS has a higher mass current density, followed by S-

OMCHS, OMCHS, N1-OMCHS, N1-S-OMCHS and N2-S-OMCHS (19.4, 15.1, 6.2, 4.8, 4.8, 

and 1.3 A g-1 at 0.8 V/RHE, respectively) before ADT. After ADT, the electrocatalysts show a 
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decrease in the mass current density, which represents a loss of 73, 42, 36, 29, and 15 % for 

OMCHS, N2-OMCHS, S-OMCHS, N1-S-OMCHS, and N2-S-OMCHS, respectively. On the 

contrary, N1-OMCHS shows an increase of 133 % (6.4 A g-1). Therefore, N1-OMCHS shows 

the highest electrochemical stability. However, N2-S-OMCHS and N1-S-OMCHS 

electrocatalysts show good electrochemical stability despite the low mass current density 

compared to the others electrocatalysts (e.g., S-OMCHS and N2-OMCHS).  
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5.5. Conclusions 

This chapter allowed us to compare the stability and catalytic activity for the ORR of 

electrocatalysts based on N/S co-doped OMCHS having the following conclusions: 

 

• The use of 2-thiophenemethanol, 2-pyridinecarboxaldehyde, and pyrrole as sulfur and 

nitrogen precursors during synthesis has implications for the final textural and structural 

properties, morphology, and surface chemical composition of S-OMCHS, N1-S-OMCHS, 

and N2-S-OMCHS. 

 

• The combination of sulfur and nitrogen atoms at carbon lattice decreases the formation of 

high crystallinity N/S co-doped OMCHS structures. However, they contribute to the 

formation of highly reactive nitrogen and sulfur species for the ORR. 

 

• The high performance of N1-S-OMCHS electrocatalysts after ADTs is due to the high 

content of the N-quaternary species. Despite this, N-quaternary undergoes oxidation to form 

oxidized N species. Contrary, N2-S-OMCHS shows the lowest performance with good 

stability. 

 

• The N/S co-doped OMCHS is the first effort to evaluate the potential use as cathode 

electrocatalysts for anion exchange membrane fuel cell applications. The performance of 

N/S co-doped OMCHS is lower than we expected. However, they stand out for their high 

stability, which would allow further studies to improve this type of electrocatalysts.  
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CHAPTER VI.  

Three-dimensional modeling the Resorcinol-Formaldehyde (R-F) polymer: a DFT 

and XRD study. 

6.1. Determination of lattice parameters, enthalpy of formation (ΔHf) and bulk modulus. 

Fig. 6.1 shows the relaxed crystal structures of a) α and b) β resorcinol used in the 

polymerization model. An important difference between the two phases is the molecular 

configuration assumed for the structures. In the α phase, both hydroxyl groups are pointing 

downwards, while in the β phase one hydroxyl points upwards and the other downwards. It is 

acknowledged that α-resorcinol is more stable, than β-resorcinol since the latter is obtained by 

heating the former at temperatures above 80° C [1]. Both phases will be studied for modeling 

the R-F polymer. 

 

 

Fig. 6.1. (a) α-resorcinol and (b) β-resorcinol crystals structures. The view is such that molecules of any of the 

structures project equal areas on the plane of the page. 

 

Figure 6.2 shows the structure of α-resorcinol saturated with a) two (2HMR), b) four (4HMR), 

c) six (6HMR), and d) eight (8HMR) hydroxymethyl molecules. In the case of 2HMR, the 

resorcinol molecule at the upper left corner undergoes a rotation due to the addition of 

hydroxymethyl groups, while the rest maintain their initial positions. This effect becomes more 

relevant in 4HMR and 6HMR (Figs. 6.2 b and c),  where resorcinol molecules with and without 

hydroxymethyl groups rotate in at least two of their directions. The rotation of resorcinol 

molecules promotes the formation of  methylene and methylene ether bridges, which will be 

discussed later in this section. 
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Fig. 6.2. Spatial configuration of (a) 2HMR, (b) 4HMR, (c) 6HMR, and (d) 8HMR in 3D-coordinates. The 

view is such that molecules of any of the structures project equal areas on the plane of the page. 

 

Figure 6.3 depicts the structure of β-resorcinol saturated with a) two (2HMR-B), b) four 

(4HMR-B), c) six (6HMR-B), and d) eight (8HMR-B) hydroxymethyl molecules. Resorcinol 

molecules are subject to rotation and displacement when concentration with hydroxymethyl 

groups increases, as in α-resorcinol. However, the resorcinol molecule in the center-left of the 

8HMR-B model rotates to form a bond with that in the z-direction. This behavior causes the 

formation of bridges between the ethanol-type resorcinol molecules (-CH2-CHOH-), as well as 

the emerging of water molecules. Such type of bridges has not been found in the literature, 

which suggests that the result shown in Fig. 6.3d) is highly unlikely. 

 

 

Fig. 6.3. Spatial configuration of (a) 2HMR-B, (b) 4HMR-B, (c) 6HMR-B, and (d) 8HMR-B in 3D coordinates. 

The view is such that molecules of any of the structures project equal areas on the plane of the page. 
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Plots of total energy as a function of the atomic volume and the fitting of the Birch-Murnaghan 

equations of state (BM-EOS) of a) 2HMR, b) 4HMR, c) 6HMR, and d) 8HMR are shown in Fig 

6.4. The BM-EOS is obtained from the fitting of theoretical energy-volume data with an 

empirical functional form of the EOS and indicates the degree of stiffness or the energy 

necessary to produce a volumetric deformation [2].Taking the minimum energy as starting point, 

two regions of energetic stability (compression and expansion zone) can be distinguished.  

 

The volume of α-resorcinol is 554.05 Å3 and increases to 599.09, 686.14, 786.79, and 794.79 

Å3 (i.e., 8%, 24%, 42%, and 43% increment)  in 2HMR, 4HMR, 6HMR, and 8HMR, 

respectively (Table 6.1). The normalized volume at which 2HMR, 4HMR, 6HMR, and 8HMR  

stabilize is 9.46, 9.55, 9.83, and 9.03 Å3 atom-1, respectively. An increase in cell volume occurs 

as 2, 4, and 6 hydroxymethyl molecules are added, decreasing at 8HMR. Presumably, the unit 

cell of 8HMR is close to stability, requiring no further expansion, a feature that can be seen more 

clearly when observing the cell volume of 6HMR. 

 

 

Fig. 6.4. Total energy as a function of the volume of the (a) 2HMR, (b) 4HMR, (c) 6HMR, and (d) 8HMR. Green 

line is BM EOS fits. 

 

Meanwhile, the volume of β-resorcinol is increasing by 18%, 29%, 46%, and 57% in 2HMR-B, 

4HMR-B, 6HMR-B, and 8HMR-B, respectively (Table 6.1). Their normalized volume is 9.76, 

9.51, 9.71, 9.49 Å3 atoms-1, respectively (Figure 6.5). As can be seen, the normalized volume 

expands and compresses as the number of hydroxymethyl molecules increases. For 2HMR-B 
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and 4HMR-B, this effect can be explained by an expansion of cell parameters due to the addition 

of new resorcinol molecules as hydroxymethyl groups are added. In the case of 6HMR-B and 

8HMR-B, the lower normalized volume compared to 2HMR-B and 4HMR-B, may be due to 

the formation of ethanol-type bridges, which provokes a reduction in the distance between 

molecules. 

 

 

Fig. 6.5. Total energy as a function of the volume of the (a) 2HMR-B, (b) 4HMR-B, (c) 6HMR-B, and (d) 

8HMR-B. Green line is MB EOS fits. 

 

Table 6.1. Lattice parameters, volume, and ΔHf  of α -resorcinol and β-resorcinol containing hydroxymethyl  

molecules. 

Model 
Unit cell parameters (Å) Normalized Volume  

(Å3 atom -1) 

ΔHf  

(kJ mol-1) X y z 

2HMR 10.76 9.73 5.72 599.09 -26.15 

4HMR 11.25 10.19 5.98 686.14 -195.41 

6HMR 11.78 10.66 6.26 786.79 -511.58 

8HMR 11.82 10.70 6.29 794.79 -679.49 

2HMR-B 8.24 13.31 5.73 628.31 11.01 

4HMR-B 8.48 13.70 5.89 684.86 -225.62 

6HMR-B 8.85 14.29 6.15 776.98 -408.78 

8HMR-B 9.06 14.64 6.30 835.76 -712.96 

 

The enthalpy of formation (ΔHf) of 2HMR, 4HMR, 6HMR, and 8HMR are shown in Table 6.1. 

As can be seen, the values increase as more hydroxymethyl molecules are added, showing that 
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8HMR is the model that requires  the lowest energy to form. Meanwhile, the same trend is 

observed for the models based on β-resorcinol, i.e., the ΔHf values decrease with more 

hydroxymethyl molecules (Table 6.1). Thus, the lowest ΔHf is that of 8HMR-B. It is worth 

mentioning that 2HMR-B is the least feasible system of those shown in the Table. Next, 

methylene and methylene ether bridges are formed by eliminating the hydroxyl functional 

groups  in the hydroxymethyl molecules. The distance between active sites for methylene and 

methylene ether bridges must be ca. 3 Å and 4.5 Å, respectively. 

 

Figs. 6.6 a-b) show the α-resorcinol structure with two and four methylene bridges, labeled as 

2MR and 4MR, respectively. Fig. 6.6 c) shows the same molecule with four methylene bridges 

plus one methylene ether bridge (6MR), while Fig. 6.6 d) depicts four methylene bridges plus 

two methylene bridges (8MR). The 2MR, 4MR, 6MR, and 8MR models correspond to the 

2HMR, 4HMR, 6HMR, and 8HMR models, respectively. The rotations and displacements that 

resorcinol undergoes when adding hydroxymethyl molecules allow, at this point, the formation 

of methylene bridges with an orientation towards the active sites. 

 

 

Fig. 6.6. Spatial configuration of (a) 2MR, (b) 4MR, (c) 6MR, and (d) 8MR in 3D coordinates. The view is 

such that molecules of any structure project equal areas on the plane of the page. 

 

Figs. 6.7 a) and b) depict the β-resorcinol structure with two and four methylene bridges (labeled 

as 2MR-B and 4MR-B, respectively). Fig. 6.7 c) shows five methylene bridges plus one 

methylene ether bridge (7MR-B). Unlike α-resorcinol derivatives, β-resorcinol derivatives show 

mostly methylene-type bridges. 7MR-B shows fewer bridges than 8MR because the distance 

between the active sites of each resorcinol is  shorter, which makes the formation of methylene 

ether bridges more difficult at the former. Furthermore, the maximum number of bridges that 
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can be formed in either of the two models (α or β) is six, since twelve is the maximum number 

of active sites that are not occupied. 

 

 

Fig. 6.7. The spatial configuration of (a) 2MR-B, (b) 4MR-B, and (c) 7MR-B in 3D coordinates. The view 

is such that molecules of any structure project equal areas on the plane of the page. 

 

Plots of total energy as a function of the atomic volume of a) 2MR, b) 4MR, c) 6MR, and d) 

8MR are  shown in Fig 6.8. Taking the minimum energy as a normalized volume, the values are 

10.71, 9.42, 9.68, 9.23 Å3 atoms-1 for 2MR, 4MR, 6MR, and 8MR, respectively,  slightly higher 

than those reported for the HMR family of molecules in Table 6.1. The values decrease in the 

order 2MR > 6MR > 4MR > 8MR, while those above have the order 6HMR > 4HMR > 2HMR > 

8HMR. 

 

The unit cell parameters and volume of 2MR, 4MR, 6MR, and 8MR are shown in Table 6.2. As 

can be seen, the volume of 4MR, 6MR, and 8MR is lower compared to that of 4HMR, 6HMR, 

and 8HMR. Meanwhile, that of 2MR is higher than that of 2HMR. The 2MR, 4MR, 6MR, and 

8MR models require a compression of their cell to allow the formation of methylene or 

methylene bridges, thus,  resorcinol molecules  must  take different positions from those of the 

HMR models, which explains the increase or decrease in volume of 2MR, 4MR, 6MR, and 8MR 

compared to those in Table 6.1. 
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Fig. 6.8. Total energy as a function of the volume of the (a) 2MR, (b) 4MR, (c) 6MR, and (d) 8MR. Green 

line is MB EOS fits. 
 

The lattice parameters and volume of 2MR-B, 4MR-B, and 7MR-B are shown in Table 6.2. It 

is noticeable that these models are also subject to  compression compared to 2HMR-B, 4HMR-

B, 6HMR-B, and 8HMR-B (Table 6.1). Plots of total energy as a function of atomic volume of 

a) 2MR-B, b) 4MR-B, and c) 8MR-B are shown in Fig 6.9. Taking the minimum energy as a 

reference, the normalized volume is 9.86, 8.75, 8.55, i.e., 2MR-B > 4MR-B > 7MR-B. It should 

be recalled that the normalized volume  decreases in the order 2HMR-B > 6HMR-B > 4HMR-

B > 8HMR-B in Table 6.1. 

 

A particularly interesting effect is observed from these results. Even though α-resorcinol and β-

resorcinol have different configurations, both 4MR and 4MR-B have the lowest volumes of all 

models in Tables 6.1 and 6.2, most likely because  the resorcinol:formaldehyde molecular ratio 

is 1:1 in both cases. Such configuration allows a better arrangement of the molecules by reducing 

their lattice parameters. However, when normalizing the volume, this trend is not maintained. 
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Fig. 6.9. Total energy as a function of the volume of the (a) 2MR-B, (b) 4MR-B, and (c) 8MR-B. Green line 

is MB EOS fits. 
 

The formation enthalpies of the α-MR and β-MR molecules are shown in Table 6.2. As can be 

seen, the values decrease as the bridges are formed, indicating that the  more exothermic 

reactions are those of the α-models. On the contrary, the reactions to form 2MR and 2MR-B are 

highly endothermic because a compression must occur first before the formation of the bridges, 

thus, are difficult to proceed. 

 
Table 6.2. Lattice parameters and volume of α-MR and β-MR. 

Model 
Unit cell parameters (Å) Volume  

(Å3) 

ΔHf  

(kJ mol-1) 
X y z 

2MR 10.89 9.86 5.79 621.98 36.99 

4MR 10.55 9.55 5.61 565.75 -243.90 

6MR 10.95 9.91 5.82 631.81 -364.55 

8MR 11.03 9.99 5.87 646.66 -574.60 

2MR-B 9.41 12.91 4.71 572.19 26.18 

4MR-B 9.23 12.71 4.48 525.18 -175.63 

7MR-B 8.54 12.62 5.24 564.88 -328.49 
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Atom-atom distances and angles of the bridges in the models have been determined. The average 

atom-atom bond lengths of methylene bridges are 1.51 Å (C-C) and 1.11 Å (C-H), with an angle 

of 119°. Meanwhile, those of methylene ether bridges are 1.51 Å (C-C), 1.46 Å (C-O), and 1.1 

Å (C-H), with an angle of 118°. The bond lengths calculated here are similar to those  reported 

by El-Gammal et al. [3]. 

 

It is acknowledged that resorcinol has three active sites on its ring, so three methylene or 

methylene ether bridges should form through condensation at the 2-2’, 2-4’, and 4-4’ positions, 

as schematized in Fig. 6.10. However, the study of an R-F polymer using  13C NMR elsewhere 

shows  that the 2-4’ and 4-4’ positions are predominant  over the 2-2’linkages [4]. Therefore, 

from the beginning, the position of the molecules in α-resorcinol and β-resorcinol preferentially 

tend to form methylene bridges on the 2-4’ and 4-4’ positions, over the 2-2’ bonds. 

 

 

Figure 6.10. Scheme of the three methylene bridges that are formed in the different active sites. 

 

6.2. Comparative analysis of experimental and theoretical XRD patterns of R-F polymers. 

For the comparison, RF polymers having 1:0.5, 1:1, 1:1.5, and 1:2 resorcinol:formaldehyde 

ratios have been synthesized, aiming to correlate them with the 2MR, 4MR, 6MR, 8MR, 2MR-

B, and 4MR-B theoretical models, respectively. Fig. 6.11 shows the experimental XRD pattern 

of RF(1:0.5) and its comparison with the theoretical one of a) 2MR and b) 2MR-B. The pattern 

of resorcinol (PDF 38-1969 card) is also depicted. RF(1:0.5) shows a broad shoulder between 

ca. 10 and 45° (2θ), suggesting a partially amorphous structure, along with several reflections 

ascribed to resorcinol, as seen in the card. The pattern of 2MR (Fig. 6.11 a) shows a series of 

peaks that coincide with that of RF(1:0.5), attributed to two phenomena: i) most resorcinol 

atoms remain in their positions, i.e., are not displaced by hydroxymethyl molecules, and ii) 

methylene bridges are not modified in the theoretical molecule. 
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Fig. 6.11. Experimental and theoretical XRD pattern of RF(1:0.5), (a) 2MR, and (b) 2MR-B. 

 

Meanwhile, the theoretical pattern of 2MR-B in Figure 6.11 b) shows the several peaks not 

identified by the resorcinol card. Nevertheless, some of those reflections coincide with peaks of 

RF(1:0.5). Thus, it can be concluded that both α and β phases of resorcinol have developed in 

the structure of RF(1:0.5) . 

 

The diffraction pattern of RF(1:1) in Fig. 6.12 shows that the polymer is rather amorphous. It 

has two broad peaks, one intense at 20.8° (2θ), and the second barely detected at 37.8° (2θ). The 

pattern of 4MR (Fig. 6.12 a) shows an intense peak with a maximum at 18.2° (2θ), i.e., shifted 

towards lower angles compared to the peak maximum of RF(1:1). 4MR has the smallest volume 

of the α-resorcinol family of models (Table 6.2), therefore, the shift of the peak compared to the 

experimental pattern is attributed to a lattice contraction. Above 35° (2θ), several reflections of 

4MR correlate with the low-intensity peak of RF(1:1) at 37.8°. Meanwhile, the pattern of 4MR-

B (Fig. 6.12 b)  has an intense peak at 20.3° (2θ), close to the peak maximum observed at 

RF(1:1). However, the peaks above 35° (2θ) do not fit with the experimental pattern, contrary 

to the features of 4MR. 
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Fig. 6.12. Experimental and theoretical XRD pattern of RF(1:1), (a) 4MR, and (b) 4MR-B. 

 

Fig. 6.13 shows the experimental XRD pattern of RF(1:1.5), along with  the theoretical  one of 

6MR.  The main peak of RF(1:1.5) has a maximum at 17.3° (2θ), an important shift towards 

lower angles compared to RF(1:1) in Figure 6.12. The peak is also broader at RF(1:1.5), 

suggesting that is may be composed of several diffractions. Moreover, it displays a very small 

and narrow peak at 31.3° (2θ). The theoretical pattern of  6MR shows reflections that match the 

peaks at 17.3° and 31.3° (2θ).  

 

 

Fig. 6.13. Experimental and theoretical XRD pattern of RF(1:1), and 6MR. 

 

Fig. 6.14 shows the experimental pattern of RF(1:2), with the theoretical patterns of a) 8MR and 

b) 7MR-B.  RF(1:2) shows a mean peak at 17.7° (2θ) and because of its broadness it seems to 
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be composed by several reflections. It also has a small and narrow peak at 32.2° (2θ). Overall, 

the pattern of RF(1:2) resembles that of RF(1:1.5) in Fig. 6.13. 

 

The most intense peak of 8MR has a maximum (17.7°) that fits that of RF(1:2), while a second 

reflection is at a slightly lower 2θ value than that at 32.2° in the experimental pattern. On the 

other hand, even though the peak maximum of the main reflection of 7MR-B is slightly shifted 

towards a higher 2θ value compared to the experimental pattern, it shows three reflections in 

the 10-30° (2θ) interval, which seem to correlate with the broadness of RF(1:2) in such range. 

7MR-B also has a small peak at about the same 2θ value as that at 32.2° in RF(1:2) can be 

attributed to traces of resorcinol that did not react with formaldehyde. Above 2θ = 35°, several 

reflections emerge at 7MR-B, a feature that completely differs from the experimental pattern. 

 

 

Fig. 6.14. Experimental and theoretical XRD pattern of RF(1:1),(a) 8MR, and (b) 6MR. 

 

The results show that the  patterns of the α-resorcinol  models have no drastic modifications at 

the different R:F ratios, while those based on  β-resorcinol  show significant changes between 

them when increasing the amount of formaldehyde.  
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6.3. Conclusions 

Three-dimensional models of the R-F polymers were proposed, leading to the following 

conclusions: 

 

•  The hydroxymethyl intermediate reaction is a necessary step in the mechanism for the 

subsequent formation of methylene bridges, which in turn promote the formation of polymer 

chains. 

 

• The most energetically feasible models for the formation of R-F polymers are 8MR and 

7MR-B. 

 

• The similarities between the XRD pattern of RF(1:2) and those  of  8MR and 7MR-B provide 

the certainty that the  theoretical models resemble the experimental one. Nevertheless, it is 

acknowledged that more experimental studies are still needed to optimize the models. 
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